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ABSTRACT

Author: Laster, Jennifer S. PhD
Institution: Purdue University
Degree Received: December 2017
Title: Design of Microstructured Conducting Polymer Films for Enhanced Trace Explosives
Detection
Major Professors: Stephen P. Beaudoin and Bryan W. Boudouris
The detection of trace amounts of explosive material is critical to national security. Ion
mobility spectrometer (IMS)-based contact sampling continues to be a common method employed
for the detection of explosives in high security checkpoint applications, such as airport security. In
this process a surface of interest, such as a passenger’s hands or luggage, is probed by a swab or
particle trap to collect and transfer residue to an IMS for analysis. The collection of residue on a
sampling swab has been shown to be a limiting step in this detection process. As such, there is
significant need to develop new materials with increased adhesion to explosive analytes and with
superior particle removal abilities.
Here, the design of novel sampling swabs is presented for the enhanced collection of trace
explosive residue from surfaces. First, the influence of the swab microstructure on the ability to
remove particles from representative substrates is demonstrated. Free-standing microstructured
polypyrrole (PPy) films of a variety of dimensions and form factors are fabricated using a
templated electropolymerization process. The removal of polystyrene fluorescent particles from
an aluminum substrate of varying surface roughness is examined as a function of the polymer
microstructure. PPy microstructured films display enhanced particle removal abilities compared
to PPy non-structured and current commercial films. This increase in particle removal is attributed
to the increased particle-swab contact from the microstructured films.

xvii
Next, the influence of the surface chemistry of sampling swabs on the collection of a
representative explosive analyte, trinitrotoluene (TNT) is explored. The surface chemistry of PPy
films is modified by electropolymerizaton of an N-substituted pyrrole monomer. The surface
chemistries examined include a methyl, carboxylic acid, and amino-phenyl functionality. The
vapor deposition of TNT on the surface of the functionalized PPy films is quantified through
ultraviolet-visible (UV-vis) absorption and compared to commercial swabbing materials of
varying chemistry and surface roughness. The PPy modified films with potential sites for hydrogen
bonding display the highest deposition of TNT, while the Teflon coated commercial films display
the lowest interaction with TNT.
Finally, the desorption and release of TNT from sampling swabs is studied as an effect of
temperature and of applied bias. For successful analyte detection within an IMS, the residue
collected on a sampling swab must be released from the swab, typically through a thermal
desorption process. In this work the release of TNT from sampling swabs is determined through
solid-phase microextraction-gas chromatography mass spectrometry (SPME-GCMS). The results
of this thesis provide important information on the design considerations for the development of
novel particle sampling swabs with increased performance.

1

1. INTRODUCTION

The development and implementation of rapid and sensitive detection methods for
improvised explosive devices (IEDs) is vital for the protection of citizens and property. As such
there has been significant research to develop analytical devices and sensors to detect trace levels
of explosive residue.1–4 An efficient avenue for the detection of trace explosives involves the
sampling of a person’s hands, clothing, or luggage as trace amounts of particulate residue are
present due to the handling of explosive materials.5 In fact ion mobility spectrometer (IMS)-based
contact sampling has become a common method utilized in airport security for the screening of
trace explosive residue.6,7 In this process particulate residue is collected from a substrate of interest
with a sampling swab which is then inserted in an IMS for further detection. The collection of
residue onto sampling swabs has been shown to be a limiting step in the detection process. 8,9
Therefore, the development of sampling swabs with improved performance is desired.
In this work the design criteria for the development of novel sampling swabs with enhanced
collection properties is elucidated. Through the design of ordered, microstructured polymer
sampling materials, the importance of the structure of a sampling film on particle removal is
determined. Additionally, the impact of the surface chemistry of sampling swabs with increased
affinity to explosive analytes of interest is demonstrated. Finally, the release of analytes from
various sampling swabs is studied as a function of temperature to ensure accurate detection. The
work presented in this document establishes important structure-property relationships for the
development of next generation sampling materials with enhanced collection and affinity for
explosive residue.

2
1.1

Thesis Overview
The order of this thesis is presented as follows: Chapter 2 provides an overview of the research

for the detection of trace explosives. An emphasis is given to the contact sampling process
currently employed in high security checkpoint applications, such as airport security. An overview
of the operation of an IMS is provided, as well as the current research in the areas of residue
collection and desorption.
Chapter 3 introduces the background of conjugated conducting polymers. The conjugated
polymer polypyrrole (PPy) is presented as a promising material for the development of novel
sampling swabs for explosive detection. The influence of the electrochemical parameters on the
polymer structure are presented. Additionally, the development of nano- and microstructured
conjugated materials though templated methods is explored.
Chapter 4 is published as “Design of Free-Standing Microstructured Conducting Polymer
Films for Enhanced Particle Removal from Non-uniform Surfaces” by Jennifer S. Laster, Nicholas
A. Deom, Bryan W. Boudouris, and Stephen P. Beaudoin, Journal of Polymer Science Part b
Polymer Physics 2016, 54, 1968-1974. In this work, microstructured films of polypyrrole (PPy)
are synthesized through custom lithographic templates. The influence of the microstructure on the
ability to remove fluorescent particles from aluminum surfaces is presented. Microstructured PPy
films display increased particle removal abilities as compared to non-structured PPy films and
commercial materials. These results indicate the importance of the structure of a sampling swab
for improved performance.
Chapter 5 has been submitted for review as “Impact of Surface Chemistry on the Adhesion of
a Small Molecule to a Conducting Polymer Substrate” to the Journal of Colloid and Interface
Science by Jennifer S. Laster, Chibuzor D. Ezeamaku, Bryan W. Boudouris, and Stephen P.
Beaudoin. In this work, PPy films are functionalized with different surface groups. The vapor

3
deposition of trinitrotoluene (TNT) is studied for the functionalized PPy films and compared to
various commercial materials. The films with sites for hydrogen bonding with TNT show the
highest TNT deposition. This work elucidates the significance of the chemistry of a sampling swab
for the improved affinity to explosive analytes of interest.
Chapter 6 examines the desorption of TNT from PPy films and commercial materials using
solid-phase micro-extraction-gas phase chromatography mass spectrometry (SPME-GCMS). The
release of TNT from different sampling swabs is studied as an effect of temperature. Teflon coated
commercial swabs show the highest release of TNT followed by PPy films and paper materials.
Additionally, initial experiments on the release of TNT with an applied electric field are examined.
These results illustrate the consequence of the residue desorption on the detection of explosive
analytes and propose a new desorption strategy.
Chapter 7 analyzes the strengths, weaknesses, opportunities, and threats of a PPy based
swabbing system. The thermal and mechanical properties of the PPy films are further examined.
Additionally, the initial scale-up of the fabrication of PPy microstructured films is explored.
Finally, the opportunities for further research on electrostatic collection and novel detection
strategies is presented.

4
1.2

References

(1)

Moore, D. S. Sens Imaging 2007, 8, 9–38.

(2)

Caygill, J. S.; Davis, F.; Higson, S. P. J. Talanta 2012, 88, 14–29.

(3)

Moore, D. S. Rev. Sci. Instrum. 2004, 75, 2499–2512.

(4)

Singh, S. J. Hazard. Mater. 2007, 144, 15–28.

(5)

Oxley, J. C.; Smith, J. L.; Resende, E.; Pearce, E.; Chamberlain, T. J. Forensic Sci. 2003,
48, 334–342.

(6)

Eiceman, G. A.; Stone, J. A. Anal. Chem. 2004, 76, 390 A-397 A.

(7)

Borsdorf, H.; Eiceman, G. A. Appl. Spectrosc. Rev. 2006, 41, 323–375.

(8)

Verkouteren, J. R.; Coleman, J. L.; Fletcher, R. A.; Smith, W. J.; Klouda, G. A.; Gillen, G.
Meas. Sci. Technol. 2008, 19, 115101.

(9)

Fisher, D.; Zach, R.; Matana, Y.; Elia, P.; Shustack, S.; Sharon, Y.; Zeiri, Y. Talanta
2017, 174, 92–99.

5

2. TRACE DETECTION OF EXPLOSIVES

2.1

Overview
With the continued threat of terrorism, the rapid and sensitive detection of improvised

explosive devices (IEDs) is vital for the protection of citizens and property. As such there has been
significant research into the detection of trace levels of explosives including the development of
explosive vapor and particle collection processes,1,2 explosive detectors and analytical devices,3,4
and chemical and fluorescent sensors.5,6 Several of these processes have been commercialized and
are employed in screening checkpoints today, such as canine olfactory sensing and ion mobility
spectrometry (IMS).7 The following chapter will provide an overview of the research into the
screening and detection of trace explosives with a focus on the IMS-based contact swabbing
process currently employed in security checkpoint applications such as airport screening.

2.2

Properties of Explosives
In order to develop processes for the detection of explosive materials it is important to

understand their physical and chemical properties. Explosives are materials that can be initiated to
undergo self-propagating decomposition leading to the rapid release of heat and pressure.8,9 Figure
2.1 shows the chemical structures of several different common explosive materials. As seen from
the chemical structures in Figure 2.1, most explosives are rich in oxygen and nitrogen. Explosive
materials can be classified into high and low explosives based upon the speed of explosion. Low
explosives, such as black powder, burn at slow rates (~ 1 cm s-1) while high explosives burn on
the order of ~1 km s-1.10,11 High explosives are further categorized into primary and secondary
explosives. Primary explosives, such as nitroglycerin (NG) and peroxide based explosives, such
as triacetone triperoxide (TATP), are very sensitive to detonation by external forces such as heat,
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friction, or pressure.12 Secondary explosives, such as 2,4,6-trinitrotoluene (TNT) or 1,3,5trinitroperhydro-1,3,5-triazine (RDX) are more stable and are often initiated by primary explosives.
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Figure 2.1. Chemical structure of common explosive materials.
Most common explosives have low vapor pressures ranging from the microtorr to nanotorr
levels as seen in Table 2.1.13 Because of the low vapor pressures of these materials the vapor
detection of trace explosives is a challenge, as low concentrations of explosive analytes exist in
the vapor phase. For example, the room temperature gas phase equilibrium concentrations of TNT,
RDX, and PETN are 13 ppb, 0.026 ppb, 0.0084 ppb respectively.14 As such, large sample sizes of
vapor or increasingly sensitive devices are required in order to accurately detect trace explosives
in the vapor phase. Often pre-concentration of the explosive analyte is required in order to meet
the sensitivity requirements of explosive detectors.15 Chemical receptors and absorbent
membranes or polymers have been used to collect and pre-concentrate explosive materials from
the vapor phase for detection.2,16–18 For example, solid-phase microextraction (SPME) involves
the adsorption of analytes from the vapor phase onto a polymer coated fiber and has been used for
the pre-concentration of explosives for detection.19–22 However, an alternative method for the
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detection of explosive materials is to focus on the collection of solid particles rather than vapor as
a higher concentration of material is present in the solid residue. For example a 5 μm particle of
RDX contains the same amount of RDX molecules as 1 L of equilibrium vapor pressure air at
standard temperature and pressure (0 °C, 1 bar).3 The collection of particulate samples or residue
typically occurs via a contact sampling process, where a material is swiped across a surface,
however non-contact sampling based upon vacuum operations has also been developed. The
remainder of this chapter will focus on the contact sampling method and the research that has been
developed for the enhancement of this process.
Table 2.1. Vapor pressure of common explosive materials.13
Trade Name or
Abbreviation
TNT
Tetryl
RDX
HMX
NG
PETN

2.3

Chemical Name
2,4,6-Trinitrotoluene
2,4,6,N-Tetranitro-N-methylaniline
1,3,5-Trinitro-1,3,5triazacyclohexane
1,3,5,7-Tetranitro-1,3,5,7tetrazacyclooctane
Glycerol trinitrate (Nitroglycerin)
Pentaerythritol tetranitrate

Vapor Pressure at ambient
temperature (torr)
5.8 x 10-6
5.7 x 10-9
4.4 x 10-9
3 x 10-9 (at 100°C)
3.1 x 10-4
1.4 x 10-8

Contact Sampling
After the handling of explosive materials trace residues of the material are present on a

person’s hands, clothes, or luggage providing an efficient avenue for detection.23 Contact-based
sampling continues to be a widely used detection method in high security checkpoint screening
applications such as airport security. In this process, a material known as a swipe or trap is used to
probe a surface of interest (e.g., a passenger’s hands or luggage) to collect particulate residue.
After the collection of the residue from a surface, the swipe is placed in an explosive trace detector
(ETD) where the composition of the residue is determined. Therefore, the contact sampling process
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can be broken down into three main steps: the collection of residue from a surface, the desorption
of residue from the swipe, and the detection of the residue in an ETD as depicted in Figure 2.2.
Failure at any of these steps will lead to the lack of detection, thus it is vital to optimize each step
of the process for the enhancement of the detection of trace explosives. There has been substantial
work on the development and optimization of analytical devices and ETDs for the detection of
trace explosive materials;3,4,24,25 however, the collection and desorption of residues from sampling
swabs remains a limiting step in the process. In the following sections a brief overview of the
operation of a common detection device will be presented, followed by the background and
relevant research on the optimization of the residue collection and residue desorption steps for the
overall enhancement of the detection of trace explosives.
Collection

~

Residue Desorption

~

( Residue Detection )

Figure 2.2. Schematic representation of the typical contact sampling process. First, particulate
residue is collected from a substrate of interest using a sampling swab. Then, the collected residue
is desorbed from the swabbing material and detected in an explosive trace detector (ETD) such as
an ion mobility spectrometer (IMS).

2.3.1

Residue Detection: Ion Mobility Spectrometer (IMS) operation
The most widely-used ETD for the detection of trace explosives in the field is an ion

mobility spectrometer (IMS).26,27 This is largely due to the availability of portable devices that can
be easily positioned for on-site detection.28,29 In contrast to mass spectrometry, and other analytical
techniques that require high vacuum operation, IMS has an atmospheric pressure ion source
allowing for the development of smaller, lower cost devices with fast response times.30 A
simplified diagram of a conventional IMS is depicted in Figure 2.3. The main components of an
IMS include the inlet source, the ionization chamber, the drift chamber, and the detector.
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Figure 2.3. Diagram of a conventional IMS system. In this example three different size ions
(depicted by the blue, red, and green spheres) are separated within the drift region.
Analytes are introduced into the IMS in the vapor phase typically through a thermal
desorption process. Then, the sample is ionized within the ionization chamber. The majority of
commercial devices have a radioactive ion source such as 63Ni, although non-radioactive sources
such as photo-ionization,31,32 corona discharge,33–35 and electrospray ionization36 have been
developed. After ionization, the ions formed from the sample are injected into the drift region of
the analyzer through an ion shutter. Within the drift region the ions flow at a constant velocity, vd,
in the presence of an electric field (~200 V cm-1) and neutral gas molecules from a drift gas. The
drift velocity, vd, is proportional to the applied electric field, E, by a proportionality constant, K,
known as the ion mobility (Equation 2.1).
𝑣𝑑 = 𝐾𝐸

(2.1)

The mobility of the ions is dependent upon their mass, charge, and shape, which causes the ions
to be separated within the drift chamber. Additionally, the drift time, the amount of time for an ion
to transfer through the drift chamber, is significantly influenced by the number of collisions
between the ions and the neutral gas molecules of the drift gas and thereby dependent on the
number density of gas molecules (N) and the collision cross section (Ω) of the ion. The influence
of these parameters on the ion mobility is summarized by the Mason-Schamp Equation (Equation
2.2) where, µ = mM/(m+M) is the reduced mass of the ion (m) and drift gas molecule (M), kb is the
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Boltzmann constant, T is the temperature of the drift gas, z is the number of elemental charges,
and e is the elementary charge.37,38
1⁄
2

3 2𝜋
𝐾 = -- (----)
16 𝜇𝑘𝑏 𝑇

𝑧𝑒
𝑁Ω

(2.2)

After separation within the drift chamber, the ions are detected. The detector, typically a Faraday
cup, collects the ions and transmits the signal to an electrical current. An output of the ion intensity
current as a function of the elapsed drift time is output from the instrument. Sensitive detection of
nanograms of common explosive materials has been observed with current state the art commercial
IMS systems.39
2.3.2

Residue Collection
While the IMS is efficient for the detection of trace amounts of explosive materials, the

collection of residue from a surface has been shown to be a critical step in the detection process.40
The current commercial materials that are used as particle swabs are composed of Muslin cloth,
polytetrafluoroethylene (PTFE) coated fiberglass, Nomex®, or paper.1 These materials have
mainly been developed based upon their use in an ETD, as it is critical that the swabbing material
does not display any significant background signal or breakdown during detection. However, it is
important to study the performance of these materials for the collection of residue from the surface.
In order to evaluate the effectiveness of these swabbing materials on the ability to remove particles
from a surface it is necessary to develop a uniform protocol for particle sampling. There are many
factors that can influence the ability of a swab to remove residue from a surface including, the
particle size and composition of the residue, the texture and composition of the swab and surface
as well as the applied force and speed of sampling.41–44 Additionally, environmental factors such
as humidity can affect the adhesion of residue to the surface and/or swabbing materials.

11
Verkouteren et al. first developed a method to determine the collection efficiency of
commercial sampling swabs by using a slip-peel tester to control the speed and force of
swabbing.42 The commercial swabs tested, muslin cloth and PTFE coated fiberglass, showed vastly
different collection efficiencies of polystyrene latex particles from representative substrates. This
difference was attributed to the different texture and composition of the swabs. Additionally, an
increased applied force was not shown to be a significant parameter for the improvement of
collection efficiencies. While this initial work provided important insight into the factors that affect
collection efficiency of sampling swabs, the fluorescent particles used are not representative of the
composition or roughness of real explosive residue.
The casting of representative explosive residue onto sampling surfaces is critical to study
and simulate realistic swabbing scenarios. By studying the residue of explosive fingerprints, it was
determined that the particle size of interest for collection by swabbing was 10-20 µm.45,46 Current
efforts to simulate explosive residue involve a dry transfer method.47 In this method, an explosive
is dissolved in a solvent and pipetted onto a Teflon surface. After solvent evaporation the solid
explosive is transferred to a test substrate of interest through pressure and swiping. Recently, a dry
transfer method involving the inkjet printing of explosives has been developed in order to increase
the transfer efficiency to the test substrate and control the final particle size of the residue. 48
Current limitations to the dry transfer method include the lack of crystallization and potential
formation of unstable polymorphs of explosives during solvent evaporation.49–51 Additionally, this
method does not take into account the effect of the polymeric binder present in many explosive
formulations such as C-4 and Semtex, which may play an important role in removal.52 However,
inkjet printing-based dry transfer is currently the superior method to simulate explosive residue on
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test substrates and employed by current standard procedures for the evaluation of the collection
efficiency of swabs.53
2.3.2.1 Adhesion of Particles to Surfaces
In order to further examine the ability of particle swabs to remove explosive residues from
surfaces it is important to study the adhesion of particles to surfaces. When materials are in close
contact, interfacial interaction forces are present. These forces include the van der Waals (vdW)
force, the electrostatic force, and the capillary force. While the electrostatic and capillary forces
are dependent on the experimental conditions (i.e., humidity or surface charge), van der Waals
attractive forces are always present. Van der Waals forces result from the interaction of dipoles
between molecules and are dependent on the composition and geometry of the interacting bodies
and the separation distance between them. The simplified equation of the van der Waals force for
an idealized smooth sphere interacting with a flat plate is given in Equation 2.3 where A represents
the Hamaker constant, R is the radius of the sphere, and D is the separation distance.54
𝐴𝑅
𝐹𝑣𝑑𝑤 = − ---2
6𝐷

𝐷≪𝑅

(2.3)

The Hamaker constant depends on the compositions of the interacting materials and the
intervening medium (i.e., air), and the Hamaker constants of several explosive materials have been
determined.55,56 It is important to note that real particles and surfaces contain surface asperities and
roughness that are not taken into account in the simplified equation above. Van der Waals forces
are short ranged forces and their magnitude drops significantly at increased separation distances.
Therefore, the surface topography and roughness of interacting surfaces can play a significant role
in the adhesion by increasing or decreasing the area in the range of strong van der Waals forces.
A common technique to measure the adhesion forces between particles and surfaces is
atomic forces microscopy (AFM).57,58 Current work has strived to determine the adhesion force of
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explosive particles to various substrates and commercial swabbing materials using AFM.59,60 In
this process, explosive particles are mounted on AFM cantilevers and then brought in and out of
contact with representative surfaces of interest. The pull-off force, or force required to move out
of contact, is representative of the adhesion force between the mounted particle and the interacting
surface. With careful experimental design the effects of capillary and electrostatic forces can be
eliminated, and the van der Waals adhesion force between the explosive materials and surfaces is
determined. Due to the surface topography of the particles and surfaces, a distribution of adhesion
forces is observed based upon the contact area between the particle and the surface. From AFM
measurements and simulations the adhesion force between explosive particles and substrates of
interest was found to be strongly dependent on the texture of the substrate surface and less on its
composition.59
As the contact area between particles and surfaces has been shown to significantly impact
adhesion, the contact area between the residue and sampling swab is critical for collection.
Chaffee-Cipich et al. studied the deformation and interfacial contact of common sampling swabs
and surfaces through computational simulations.61 Figure 2.4 depicts the percentage of particles of
varying size that would remain undetected on a vinyl surface after contact with varying sample
swabs. It is clear from these results that a large area of the vinyl surface remains unreached by the
current commercial swabbing technology. Therefore, one simple way to increase the adhesion and
thereby collection of explosive residue from surfaces is to increase the swab to substrate contact
area. The development of new advanced swabbing materials with enhanced contact area with
surfaces of interest will be explored in Chapter 4 of this thesis.
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Figure 2.4. (a) The percentage of particles that remain undetected on a vinyl surface after
simulated deformation with various commercial materials. (b) Drawing depicting two particles on
a rough surface interacting with a material swab. The particle at location 1 would not be detected
in this example due to lack of contact with the swab.61

2.3.3

Residue Desorption
After collection of a residue on a sampling swab, the residue must be released from the

swab which is typically achieved through a thermal desorption process.62,63 As previously
discussed many of the commercial swabbing materials are optimized for IMS desorption. PTFEor Teflon-coated swabs show good release of explosive residue in an IMS, however they show
poor collection efficiency.42 Finding a material that is optimized for both collection of residue on
a surface and release of residue in the IMS has been a challenge for the field. Thermal desorption
of a material from a surface is dependent on the surface chemistry, inherent material properties
(e.g., thermal transport), and physical construction (i.e., thickness). Muslin swabs and other
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materials with a large density of surface hydroxyl groups have shown decreased TNT desorption
response due to potential interactions of TNT on the surface as compared to PTFE swabs.64 The
temperature of desorption has also been found to impact the sensitivity of explosives materials
measured in an IMS.65
Additionally the release of trace inorganic explosives is a continued challenge for thermal
desorption IMS operation due to the ultra-low volatility of these materials. Even at the maximum
temperature operation of IMS devices (≤ 280 °C) these materials display very low vapor pressure.
Inorganic explosives generally consist of an inorganic oxidizer such as potassium nitrate (KNO3),
potassium chlorate (KClO3), or potassium perchlorate (KClO4) and fuel. These materials are
critical for detection as they have been frequently used in the formation of improvised explosive
devices (IEDs) by criminals and terrorist groups due to the availability and low cost of the
ingredients.66 One efficient method that has been developed to increase the desorption of these
materials from a sampling swab is acid enhanced evaporation.67 The addition of an acid to a
sampling swab causes the conversion of the inorganic salt to an inorganic acid. Equation 2.4 shows
a general form of this reaction where M represents the metal cation (M+: Na+ or K+), A represents
the anion of the inorganic salt (A-: NO3-, ClO3-, ClO4-), and X represents the conjugate base of
the acid.
HX + MA ↔ HA + MX

(2.4)

The inorganic acids (HA) formed from this reaction have significantly higher vapor pressures than
the starting inorganic salts (MA) leading to the enhanced thermal release and response signal from
these materials. For example, the addition of phosphoric acid (H3PO4) to sampling swabs has been
shown to increase the IMS signal of KNO3, KClO3, and KClO4 by a factor of over 3000.68 The
enhancement of the desorption of explosive analytes from collection swabs remains an important
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avenue for increased sensitivity of detection, and a new method for improved desorption based
upon the application of an electric field will be presented in detail in Chapter 6 of this thesis.

2.4

Conclusions
The detection of trace amounts of explosive materials is critical for national security. A

common method for trace explosive detection is ion mobility spectrometer (IMS)-based contact
sampling. In this process a swab or particle trap is used to collect residue from a surface of interest
which is then detected in an IMS. The collection and release of residue from sampling swabs is
vital for the detection of explosive residue. Therefore, the development of new sampling swabs
with increased adhesion with explosive residue is an important avenue for enhanced detection. In
this thesis the conjugated polymer polypyrrole (PPy) will be presented as a novel sampling swab.
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3. MICROSTRUCTURED CONDUCTING POLYMERS

3.1

Overview
As discussed in the previous chapter, the development of new particulate sampling swabs

with increased contact and potential for adhesion with explosive residues is an important avenue
for enhanced detection. A promising material that will be presented in this thesis for the
development of these novel particle sampling swabs is the conjugated conducting polymer
polypyrrole (PPy). Conjugated conducting polymers have been an important research topic due to
their unique electrical, chemical, and optical properties, and these materials have been developed
for a wide variety of applications including organic electronic devices,1,2 biological and chemical
sensors,3–5 and actuators.6–8 Additionally, these functional materials can be easily patterned to
achieve nano- and microstructured materials with increased surface areas.9 The following chapter
will provide a brief overview on conjugated conducting polymers with a focus on the relevant
research related to the common conjugated polymer, polypyrrole (PPy).

3.2

Conjugated Conducting Polymers
Common conjugated polymers include polypyrrole (PPy), polythiophene (PT), polyaniline

(PANI), poly(p-phenylene vinylene) (PPV), and derivatives of these unsubstituted materials [e.g.,
poly(3,4-ethylene

dioxythiophene)

(PEDOT)

and

poly(3-hexylthiophene)

(P3HT)].10–12

Conjugated polymers contain alternating double and single carbon-carbon bonds along the
polymer chains, as seen in the chemical structure of PPy (Figure 3.1a). These polymers are
optoelectronically-active due to the delocalization of charge in the π-orbitals, as depicted in Figure
3.1b, which allows for charge to be transported readily along the polymer backbone. The
conductivity classification of these polymers can be varied from insulating, to semiconducting,
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and onto conducting by a reversible doping and de-doping process. The polymers can be
chemically or electrochemically doped by an oxidation or reduction reaction, which leads to the
stabilization of a net charge on the backbone of the polymer. For example, the loss of electrons
(i.e., an oxidation event) in the outer π-orbitals allows for the movement of charge leading to
enhanced conductivity. The electrical conductivity values of conducting polymers can be increased
from the relatively insulating 10-10-10-5 S cm-1 to 102-105 S cm-1 upon doping.13

H

N
~n
Figure 3.1. (a) Chemical structure of polypyrrole (PPy), a common conjugated polymer studied
in the literature, and (b) a representation of the π-orbitals that lead to the delocalization of charge
along the polymer backbone.
Conducting polymers are commonly synthesized chemically, with the aid of an oxidizing
agent, or electrochemically. Compared to the chemical oxidation synthesis of these polymers,
electrochemical synthesis allows for the formation of a thin film of polymer that is adhered to the
electrode surface. Additionally, the thickness of the film can be readily determined from the
amount of charge passed and the electrode area using Faraday’s law. In a typical
electropolymerization procedure a three-electrode cell, composed of working, counter, and
reference electrodes, is used for the electrochemical synthesis of the polymer. Then, a solution of
the monomer and a balancing electrolyte is placed in the electrochemical cell. The monomer is
oxidized or reduced with the application of an electric potential at the surface of the working
electrode and reacts to form the polymer thin film.14 The polymer film deposited on the working
electrode is in the doped state, stabilized by the incorporation of ions from the balancing electrolyte
into the film in order to maintain charge neutrality.15
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The electrochemical synthesis parameters (e.g., electrolyte concentration, solvent, and
applied potential or current) determine the morphology and properties of the deposited film. 16–18
As the electrolyte or dopant represents about 30% (by weight) of the polymer film, the type and
concentration of dopant must be selected carefully for the desired application.15 For example, the
size of the dopant determines the microstructure and porosity of the polymer.19 Large molecules,
such as the anionic surfactants sodium dodecyl sulfate (SDS) and sodium dodecylbenzene
sulfonate (SDBS), provide smoother more mechanically durable films than those produced with
small anions such as nitrate.18 Additionally, these large organic anions, such as aromatic sulfates,
have been shown to increase order in the polymer structure formed in aqueous solvents due to
hydrophobic interactions with water.20 The electrochemical technique applied also affects the
structure of the polymer film by providing an additional handle to tune the polymer properties of
the system. Conducting polymers can be synthesized under galvanostatic (constant current) or
potentiostatic (constant applied voltage bias) conditions. Potentiodynamic methods such as cyclic
voltammetry or potential pulses have also been used for the synthesis of conducting polymers
because pulse potential methods have been shown to provide smoother polymer films with greater
molecular anisotropy.21,22 In this thesis the electrochemical synthesis of the commonly studied
conducting polymer polypyrrole (PPy) will be presented. The use of sodium dodecylbenzene
sulfonate as a dopant provides the films with mechanical and thermal stability which is crucial for
the use of these materials as films for the detection of trace particulate residue.

3.3

Micro- and Nanostructured Conducting Polymers
One-dimensional micro- and nanostructures of conducting polymers have garnered much

interest within the last decade, as these polymers exhibit distinct physical and chemical
characteristics when confined to the small scale.23,24 For example, many conducting polymer
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nanowire systems have conductivity values an order of magnitude higher than that of the nonstructured polymer.25,26 This has been attributed to the superior alignment of the polymer chains
as the diameter of the nanowires decreases. Recently, the mechanical and thermal properties of
these nanomaterials have exhibited a similar correlation with diameter.27,28 These enhanced
properties, in addition to the higher surface area naturally associated with micro/nanomaterials,
make conducting polymer micro- and nanostructures appealing for a variety of applications,
including chemical and biosensors,29,30 nanoactuators,31 energy storage devices (e.g.,
supercapacitors),32,33 and organic photovoltaic devices.32
Conducting polymer micro- and nanostructures are commonly synthesized with the aid of
a template. However, template free synthesis methods have recently been developed.34–37 The
template-directed formation of conducting polymer nanostructures was first proposed by Martin
in 1994.38 It involves depositing the polymer within the pores of a template, which can be removed
by solvents after polymerization (Figure 3.2). Common templates used are anodized aluminum
oxide (AAO) templates and particle track-etched membranes (PTM).23 Nanotubes and nanofibers
of a variety of conducting polymers have been synthesized through AAO templates and
polycarbonate track-etched membranes (PC-PTM).26,39–41 These templates are advantageous
because the diameter of the nanostructures can be controlled effectively by varying the pore size
of the template. Recently, highly-aligned polymer nanoarrays have been synthesized by using
porous block copolymer templates.42,43 For instance, conducting nanorods of PPy were grown
through a nanoporous template made from polystyrene-b-poly(methyl methacrylate) (PSPMMA).44 Templated synthesis allows for the formation of ordered and aligned nanostructures
with controllable length and diameter; however, special care must be taken during processing as
the polymer nanowires may be damaged or collapse during the template removal process.45
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Figure 3.2. Example scheme of template-directed synthesis of conducting polymer nanostructures.
The conducting polymer is polymerized within the pores of the template which is later removed
by simple solvent washing.
The majority of previous work involves the synthesis of nanostructures adhered to a
conducting substrate or individual nanowires that have been washed and isolated. Through this
important research the fundamental synthesis and properties of these novel structures has been
well established.23 However, for various applications, the synthesis of a free-standing
microstructured film of the polymer is desired. For example, in this thesis the microstructured film
of a polymer will be tested for the removal of particulate residue from a surface. Thus the
mechanical properties of the final film are of great import. The synthesis of these free-standing
microstructured materials can be achieved by the overfilling of the polymer through the pores of
the template to form a uniform film. Photolithographic templates will be used to create ordered
structures of PPy as the dimensions can be easily tuned by altering the dimensions of the resist
template.
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4. 1

Overview
Efficient removal of particles from topologically-complex surfaces is of significant import

for a range of applications (e.g., explosive residue removal in security arenas). Here, we synthesize
next-generation polymeric particle removal swabs with tuned structural features to elucidate the
influence of the polymer microstructure on the removal of trace particles from surfaces.
Specifically, microstructured free-standing films of the conducting polymer polypyrrole (PPy)
were synthesized through template-assisted electropolymerization techniques. The removal of
polystyrene microspheres from representative aluminum surfaces of varying roughness was
evaluated as a function of the PPy microstructure. PPy-based microstructured swabs displayed
increased particle trapping properties relative to non-textured PPy-based swabs and current
commercial swabs. This increased effectiveness occurred from the more intimate particle-swab
contact, leading to increased van der Waals interactions for the microstructured swabs. Therefore,
this effort provides critical design rules for the production of microstructured conducting polymer
materials for their application towards advanced particle removal technologies.

4.2

Introduction
The removal of residue from surfaces is critical for the detection of improvised explosive

devices (IEDs). Residual amounts of explosive material are present on clothes, luggage handles,
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and other surfaces from the fabrication and transport of these devices, providing an important
avenue for their detection.1 Ion mobility spectrometer-based (IMS-based) analysis of trace
explosives collected via contact sampling continues to be the most common trace explosives and
chemical agent detection method employed in airports and high security locations.2–4 In this system,
a swab or particle trap is used to probe a surface of interest (e.g., a passenger’s hands or luggage)
to collect trace particulate residue. After the particles are detached from the surface of interest with
a swabbing technique, the trap is placed into an IMS chamber where a distinct chemical signature
of the residue is determined.3 The fast response time and high sensitivity of the IMS causes this
method to be efficient for the detection of trace explosive residues.5,6 Although IMS has been
heavily studied in both academic and industrial circles, it is limited by the collection of particles
onto the swabs or particle traps.7 That is, trace residues of explosives or other contraband materials
cannot be detected accurately without a reliable system to first remove the particles from the
surface of interest, rendering particle collection the critical step in the detection process.
Unfortunately, existing commercial swabs used for trace explosive detection (e.g., muslin cloth
and poly(tetrafluoro ethylene)-coated (PTFE-coated) fiberglass), have been shown to provide
vastly different particle collection efficiencies.8 Additionally, in the present state-of-the-art the
force and surface area of sampling have not been controlled actively.9,10 As such, there exists a
critical need to improve the sample collection of these devices and to rationally-design novel swabs
with improved ability to interrogate surfaces and increased adhesion to explosive particles. Here,
we address this opportunity in a direct manner through the introduction of a microscale, templateassisted electropolymerization methodology, and we demonstrate that the swabbing polymers that
are resultant from this process have structural, mechanical, and physical properties that allow these
next-generation swabs to have superior collection properties relative to current commercial swabs.
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Specifically, the systematic fabrication of these microstructure polymers addresses one of the main
forces of adhesion of particles to a surface, the van der Waals attraction force. We note that, while
capillary and electrostatic effects can also play significant roles with respect to particle adhesion,
these interactions may or may not be important, depending on specific environmental conditions;
conversely, van der Waals adhesion forces will always be present.11,12 The nanoscale surface
features of interacting bodies can play a controlling role in the adhesion of particles by increasing
or decreasing the amount of mass within the range of strong van der Waals forces.13–16 For instance,
the concept of ‘contact splitting’, when a single contact is split into micro/nanofibrils, has been
shown to substantially increase adhesion.17,18 One of the reasons attributed for this increase is the
adaptability of the long fibers to rough surfaces.19 The micro- and nanostructure of the material
can conform to the roughness of a substrate thereby increasing the overall contact area between
the two surfaces. This microstructured concept can be applied to the specific application of
improved contact sampling for security applications where the removal of residue from surfaces
with micro- and nano-scale topographical variation is critical.
Therefore, the synthesis and characterization of microstructured swabs of the conducting
polymer polypyrrole (PPy) is presented as a novel approach for improved contact sampling. While
polypyrrole has been utilized in a number of organic electronic applications,20–25 this is the first
demonstration of this robust electronically-active macromolecule as the basis for a particle
removal swab. However, we demonstrate that the synthesis of PPy lends itself naturally to the
formation of a mechanically-robust microstructured material. The increased surface area of the
microstructured pattern, coupled with the inherent flexibility of the properly-doped polymer (vide
infra), allow for better interrogation of the rough surfaces represented by a person-of-interest’s
hands, clothing, and luggage. Additionally, the use of an electronically-active polymer prevents
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the accumulation of charge on the surface of the swab, which eliminates potential repulsive
electrostatic interactions between the trace residue to be removed and the sampling device. These
types of interactions also can decrease the collection efficiency of the swabs; therefore, the
electronic activity of the PPy is a crucial aspect of the design archetype. The electrical conductivity
of these films was characterized by the van der Pauw method and found to be 16 S cm-1 (Figure
4.7) which is comparable to literature.26 The performance of these microstructured PPy films is
compared to common swabs used in commercial application for the removal of representative
fluorescent particles from characteristic surfaces of interest to homeland security applications, and
the microstructured PPy swabs demonstrate enhanced particle removal relative to the current stateof-the-art. This work demonstrates the importance of the polymer microstructure on particle
adhesion and reveals the promise of these novel PPy swabs for advanced particle removal
technology.

4.3
4.3.1

Experimental
Materials
All chemicals were purchased from Sigma-Aldrich and used as received unless otherwise

noted. Deionized (DI) water was obtained from a Milli-Q water purification system. Fluorescentlylabeled polystyrene (PS) spheres with 10 µm diameters were purchased from Fisher Scientific as
a 1% solids concentration, by weight, in water. Particles were separated by centrifugation and
subsequently suspended in isopropyl alcohol before casting onto the substrates in order to provide
a more uniform surface coverage during coating. Commercial swabs for trace explosives detection
were kindly provided by DSA Detection.
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4.3.2

Fabrication of Microstructured PPy-DBS Films
Microstructured templates were fabricated by traditional photolithography using a standard

photoresist on a conducting substrate. Specifically, tin-doped indium oxide-coated (ITO-coated)
glass substrates were purchased from Delta Technologies. These substrates were sonicated in
acetone and isopropyl alcohol prior to use. Then, AZ9260 photoresist (MicroChemicals) was spuncoat onto the ITO-coated glass at 500 rpm for 3 s followed by spinning at 3500 rpm for 40 s. The
films were soft-baked on a hotplate at 100 °C for 8 min. The films were then exposed to radiation
at a dose of 10 mW cm-2 for 90 s using a Karl Suss MJB3 mask aligner to place a patterned chrome
photomask in a specific location on the photoresist-coated substrate. After light exposure, the
substrate was immersed in AZ400K developer at a 1:5 dilution in water for 5 min. The thickness
of the template film, as measured by an Alpha Step D100 profilometer was 8 µm. Thicker resist
templates (16 µm and 28 µm) were formed by spin-coating multiple coats of the same resist. For
a 16 µm template 2 coats of AZ9260 photoresist were applied to the substrate at 500 rpm for 3 s
and 3500 rpm for 40 s. For a 28 µm template 2 coats of AZ9260 photoresist were applied to the
substrate at 500 rpm for 3 s and 1500 rpm for 40s. The substrates were baked on a hotplate at
100 °C for 6 min in between each coat. The development time for the 16 µm and 28 µm templates
was increased to 6 and 7 min, respectively.
After the formation of the microstructured template, pyrrole (Py) was electropolymerized
through the pores of the template to form a patterned film. A three-electrode electrochemical cell
with a platinum (Pt) mesh counter electrode was filled with a solution of 0.1 M Py and 0.1 M
sodium dodecylbenzene sulfonate (NaDBS). A potential of +0.8 V vs. an Ag/AgCl (saturated KCl)
reference electrode was applied by a Princeton Applied Research Potentiostat for 12 h. The PPy
deposited in the pores of the template and eventually overfilled to form a uniform film. The
photoresist template was removed by immersing the film in dimethylsulfoxide (DMSO) at 80 °C.
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4.3.3

General Methods
The thermal stability of the PPy thin films was analyzed by thermogravimetric analysis

(TGA) using a TA Instruments SDT-Q600 TGA-DSC. For example, an electropolymerized film
was peeled from an ITO substrate and crushed with a mortar and pestle. Then the temperature was
ramped from 25 °C to 1000 °C in air at a heating rate of 10 °C min-1. Mechanical testing was
performed using a TA Instruments Q800 DMA in tensile mode. The force was ramped at a rate of
0.5 N min-1 to 5 N on a free-standing film in air. Scanning electron microscope (SEM) images
were acquired on a Hitachi S-4800 Field Emission microscope. The commercial wipe, model
#ST1318 (DSA Detection), was sputter-coated with gold before imaging in order to prevent
charging. This coating process was not necessary on the relatively well conducting PPy films.
4.3.4

Particle Removal Testing
Fluorescent PS particles were cast from a 5 mg mL-1 solution in isopropyl alcohol onto

aluminum substrates. 4 drops of particle solution were added to the substrate for each test. The
root mean square roughness values of the aluminum substrates (ACT Test Panels) were tuned by
mechanical polishing using a MiniMet 1000 Grinder and Polisher. 60 grit or 100 grit sandpaper
(3M) was used to roughen the substrates at a speed of 15 rpm for two, 2 m cycles. The roughness
values were characterized by profilometer line scans on an Alpha Step D100. Fluorescent
microscopy images were acquired before and after removal attempts with a Nikon Eclipse 90i
fluorescent microscope with the FITC filter. PPy-DBS microstructured films of 16 µm pillar height
were tested in the following manner and compared to a flat (i.e., not patterned) PPy sample and a
woven fiber state-of-the-art commercial swab. A Carver bench top press was used to apply a
constant normal load of 226 kg over a 10.4 m2 area to the sample during testing. A PDMS layer
(Dow Corning Sylgard® Silicon Elastomer kit) was added between the sample and the press to
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allow for the deformation of the swab to conform to the substrate. The fluorescent particles on the
surfaces were quantified before and after testing using ImageJ software. The particle removal ratio
was calculated from the ratio of the number of particles removed (initial number of particles –
number of particles after swabbing) to the initial number of particles.

4.4

4.4.1

Results and Discussion
Fabrication of Microstructured PPy-DBS Films
Polypyrrole (PPy) microstructured films were fabricated through template directed

electropolymerization at a constant potential.27,28 Figure 1a shows the patterning scheme for the
formation of self-supported polypyrrole microstructured thin films. At sufficiently long
polymerization times the polypyrrole grew over the template in order to form a uniform film at the
upper surface (i.e., the free surface away from the working electrode) of the deposition process.
As this means that the polymer was no longer confined within the pores of the template, the growth
proceeded parallel to the working electrode substrate to form a uniform film.29 This overfilling
process was necessary to create a free-standing microstructured film of PPy after dissolution of
the photoresist template in DMSO (Figure 4.1).
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Figure 4.1. Cartoon illustration of the patterning scheme for the formation of free standing
polypyrrole (PPy) films. A microstructured template is fabricated by standard photolithography.
Then, PPy is polymerized through the pores of the template using electrodeposition at a constant
potential, and the PPy is overfilled to form a uniform film. The photoresist template is removed to
produce a free-standing micropatterned film.
The electrolyte solution for the polymerization was chosen carefully to ensure mechanical
and thermal stability of the final films. It is well-known that the anion of the electrolyte salt is
incorporated into the film during the electropolymerization of PPy, which serves to electronicallydope the PPy film that is electropolymerized.30 Of course, this is of great relevance for organic
electronic applications; however, this doping also impacts a number of other thermal and
mechanical parameters as well.26,31–34 For instance, polypyrrole films previously synthesized and
doped with anionic surfactants, such as sodium dodecylbenzene sulfonate, have improved thermal
and mechanical properties compared to those synthesized with small anions such as the nitrate
anion.35,36 Here, we qualitatively observe a similar trend when we transitioned from the nonstructured to the microstructured PPy films. For instance, Figure 4.2a displays the flexibility of a
free standing microstructured film of polypyrrole synthesized using the above scheme. This
mechanical robustness is crucial with respect to removal of trace particles from surfaces as
applying a large load is necessary and brittle PPy films would fail catastrophically.
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Figure 4.2. (a) Photograph of a macroscopic free-standing patterned film of PPy in the hands of a
researcher (for size scale purposes) displays the flexibility of the film. The optical micrograph
shows the micropattern present throughout the film as a result of the lithographic template. (b)
Stress-strain curve of a PPy-DBS film. The force was ramped at a rate of 0.5 N min-1 to 5 N in
air. The sample did not yield after the maximum force achievable on the DMA instrument was
applied.
Along these lines of thinking, the mechanical properties of the patterned films were
evaluated using dynamic mechanical analysis (DMA) in tensile mode (Figure 4.2b). These data
demonstrate that the modulus of the PPy thin films is comparable to those of other materials used
commercially for residue removal. As such, the microstructured polymeric materials here could
be ready (i.e., “drop-in”) replacements for current state-of-the-art systems. Furthermore, it is key
to ensure that the confined electropolymerization method did not negatively impact the thermal
stability of the polypyrrole. PPy films were confirmed to be thermally stable up to 250 °C, which
is crucial for the end-use application of the materials (Supporting Information Figure 4.8).
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After the initial proof-of-concept synthesis of PPy microstructured films, the synthesis was
modified in order to create microstructures of varying pillar height. The use of photolithographic
methods to create ordered templates for electropolymerization allowed for readily-tunable final
dimensions of the PPy pillars. The diameter of the pores can be varied facilely by adjusting the
dimensions of the photoresist. Note that the same diameter and pillar-to-pillar spacing was used
for all further experiments in order to provide a one-to-one comparison. The length of the
micropillars was varied by increasing the thickness of the template as well as the
electropolymerization time. Applying two coatings of the photoresist film allowed for the
formation of templates and corresponding micropillars up to 28 µm in length. Figure 4.3 shows
SEM images of PPy microstructured films containing pillar heights of 8 µm, 16 µm, and 28 µm,
respectively. This fabrication strategy could be extended very large areas (i.e., in a manner
consistent with continuous manufacturing) to greater pillar heights up to a critical value.37
Therefore, this photolithography-templated electropolymerization technique is one that is very
amenable to producing free-standing, microstructured polymer films in a straightforward manner.
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b

C

Figure 4.3. SEM images of PPy films with tunable dimensions. The height of the pillars was varied
by changing the thickness of the photoresist film used to form the soft template. The pillar heights
are: (a) 8 µm, (b) 16 µm, (c) 28 µm.
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4.4.2

Particle Removal Testing

4.4.2.1 Influence of Swab Microstructure
It was hypothesized that the microstructure of the PPy films will lead to better interrogation
of a surface, which would increase the area of contact between the substrate of interest and the
swab. In turn, this should lead to a larger collection of particles from the substrate for the
microstructured swabs relative to swabs containing less microstructure. In order to evaluate this
hypothesis and establish the performance of these novel microstructured materials as compared to
commercial swabs, the ability of the swabs to remove fluorescent particles from substrates of
varying roughness was measured. Figure 4.4a shows a histogram of the percentage of particles
removed from an aluminum substrate with minimal surface roughness (root mean square, RMS, =
0.56 ± 0.02 µm). Representative fluorescent images of the aluminum surface both before and after
swabbing are found in the Supplementary Information, Figure 4.9. The PPy microstructured films
removed up to 100% of the particles from the minimally rough sample. However, the commercial
swabbing material, ST1318, only removed up to 20% of particles from the aluminum surface. To
ensure that this difference was due to the topological features of the microstructured swab and not
due to a chemical effect, a non-structured (i.e., nominally flat) film of PPy was tested. The
microscopically smooth PPy film (Figure 4.4b) had a low removal of the particles from the surface
on par with the commercial material (Figure 4.4a). Thus, this vast difference in particle removal
efficiency can be attributed to the differing structure of the materials as seen in the SEM images
(Figure 4.4b). The PPy microstructured films have an ordered micropattern of 16 µm tall pillars of
8 µm width with a spacing of 5 µm between each pillar. The commercial material, ST1318, is
comprised of tightly woven Nomex fibers. The microstructure of the PPy film allows the material
to make increased contact with the particles on the surface as the particles can become wedged
between the micropillars, as seen in the SEM images in Figure 4.5. This allows for the increased
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ability of the material to remove the particles from the nominally-flat aluminum surface.
Additionally the effect of the applied load on particle removal was studied (Figure 4.10). At higher
applied loads, 453 kg, similar trends were observed. However, at lower applied loads, 6.8 kg, there
was minimal removal of the fluorescent particles by any of the swabbing materials indicating there
is a critical applied load necessary for particle removal.
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Figure 4.4. (a) Comparison of the particle removal efficiency of a commercial woven swab, a nonstructured (smooth) PPy film, and a PPy microstructured film of 16 µm pillar height tested on an
uncoated aluminum surface. A uniform load was applied using a press during testing. (b) SEM
images of the commercial material (top left), non-structured PPy film (top right) and the PPy
microstructured film (right) show the difference in structure of the materials.
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Figure 4.5. SEM images of (a) PPy microstructured film and (b) non-structured PPy film after
applying a load. The microstructure of the PPy film allows the material to make increased contact
with the particles. The scale bars represent 250 µm.

4.4.2.2 Influence of Surface Roughness
Surface roughness has a significant effect on the adhesion of particles to surfaces.38–40 To
elucidate the effect of roughness on the particle removal of the above materials, micron-scale
roughness was fabricated into the aluminum substrates using a mechanical polisher. The removal
of fluorescent particles from the roughened surfaces was measured as previously described. The
root mean square (RMS) roughness of the modified aluminum substrates was 1.68 ± 0.31 µm and
4.71 ± 0.70 µm as measured by a profilometer. Figure 4.6a shows representative profilometer
line scans of the aluminum substrates. As the roughness of the substrate increased, the ability of
the swabs to remove particles from the substrate decreased (Figure 4.6b). This is due to an increase
in contact points between the particles and the substrate as the particles can become trapped in the
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lower surface features of the substrates. Additionally, the added roughness allows for particles to
become inaccessible to the swab as they become trapped in the interstitial space. The commercial
swab and the non-structured PPy film had the lowest removal of particles across all substrates. On
the other hand, the PPy microstructured swab had a wide range of particle removal on the
roughened surfaces. This can be attributed to the randomness of the roughness of the substrate
(Figures 4.6b and 4.6c). The ability of the PPy microstructured film to remove above 50% of the
particles on the roughest substrate confirms that the microstructure of the material allows for the
ability to remove particles previously unreached by the state-of-the-art commercial technology,
and this is directly tied to the design of the microfabrication process. While this effort is not
inclusive of every potential swab design, it does lay the foundational principle that the
microstructure of polymeric swabs must be systematically-designed to have surface features that
are complementary to the surfaces to be examined. This allows for closer contact between the
wipes and the residues or particles of interest, which in turn allows increased van der Waals
interactions between the wipe and the particles and increased particle collection efficiency in soft
material-based swabbing scenarios.
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Figure 4.6. (a) Profilometer line scans of aluminum substrates of increasing roughness. The RMS
roughness values of the substrates were 0.56 ± 0.02 µm, 1.68 ± 0.31 µm, 4.71 ± 0.70 µm.
Comparison of particle removal from aluminum substrates of varying roughness: (b) RMS = 1.68
µm (c) RMS = 4.71 µm. The microstructured PPy swab had the highest removal rate for all three
substrates evaluated. As the roughness of the substrate increased, the ability of the materials to
remove particles from the substrate decreased. The microstructure of the PPy material allows for
higher removal particles from these difficult features in all cases.
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4.5 Conclusions
The synthesis of free-standing microstructured PPy films of various feature sizes was
demonstrated. The unique microstructure of the films allowed for the enhanced removal of
representative trace materials (i.e., polystyrene particles) from representative smooth and
roughened aluminum substrates. This improvement in particle removal ability was caused by the
increase in the contact area between the particle and the microstructured film. Additionally,
substrate surface roughness was found to have a significant impact on the removal of the particles
from the surface. The addition of micron scale roughness significantly decreased the removal
ability of all swabbing materials evaluated. However, the microstructured film shows improved
performance from the current commercial materials. These results demonstrate the promise of this
design paradigm for the removal and collection of trace explosive residues in high security
application.
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4.7

Supporting Information
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Figure 4.8. TGA trace of the PPy-DBS powder shows thermal stability up to 250 ºC. The
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Figure 4.9. Representative fluorescent images of the uncoated aluminum substrate before (left)
and after (right) testing with (a) a commercial woven swab, (b) a non-structured (smooth) PPy film,
and (c) a PPy microstructured film of 16 µm pillar height.

49

11
10

.$

9

§

8

■
■
■

Commercial Swab
Smooth PPy
Microstructured PPy

0 7
(.) 6

....0 5
,._

Q)

4

E3
:::, 2

Z 1
0

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100

% Particles Removed

b
18

_$ 16
C

:::, 14
0
(.) 12

■
■
■

Commercial Swab
Smooth PPy
Microstructured PPy

0 10
a5 8
.0 6

E
:::,

4

Z

2

0 .__..______.....__.___~

------

---- - - - - - -.........--------

0 5 1015 20 25 30 35 40 45 50 5560 65 70 75 80 85 90 95100

% Particles Removed
C
10
CJ)

9

c8
6

7
(.) 6

■
■
■

Commercial Swab
Smooth PPy
Microstructured PPy

....0 5
,._

Q) 4

E3
:::, 2

2 1
o~~~~~~~~~-~~---~~~------

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100

% Particles Removed
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5. IMPACT OF SURFACE CHEMISTRY ON THE ADHESION OF A
SMALL MOLECULE TO A CONDUCTING POLYMER SUBSTRATE

The content in this chapter has been submitted for publication:
J.S. Laster, C.D. Ezeamaku, B.W. Boudouris, S.P. Beaudoin, Journal of Colloid and Interface
Science, 2017

5.1

Overview
The modification of the surface chemistry of a film is a key strategy to enhance the binding

of molecules of interest in various sensing and detection applications. For example, the collection
of explosive molecules to a particle swab is critical for the detection of trace explosives, and can
be enhanced by increasing the affinity of the sample swab to molecules of interest through
chemical interactions. Here, the surface chemistry of polypyrrole (PPy) films was systematically
tuned through the electropolymerization of a thin layer of an N-substituted pyrrole monomer to
study the interaction with a model explosive compound, trinitrotoluene (TNT). The surface groups
examined included a carboxylic acid, methyl, and amino-phenyl group in order to address a wide
range of chemical functionalities. The interaction of these functionalized PPy films with TNT was
compared to commercial swabbing materials in a vapor deposition process as well. The amount of
TNT deposited from the vapor phase on each of the different films was quantified by the
ultraviolet-visible (UV-Vis) light absorbance of the Meisenheimer complex formed from the
interaction of TNT with a basic solution. The PPy films with surface functionalities that allowed
for hydrogen bonding displayed the highest deposition of TNT, while Teflon-coated commercial
materials had the lowest interaction with TNT. Thus, this work provides insight into the surface
groups of interest for the enhanced collection of trace explosives as well as the critical design
criteria for the next generation of swabbing materials.
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5.2 Introduction
Swipe-based contact sampling has become an important means for the detection of trace
residues of explosive materials in high security checkpoint applications such as airport screening.1–
3

Typically in this process, a substrate, known as a swipe or trap, is used to collect residue from a

surface of interest, such as a luggage or the hands of a passenger. This residue is then analyzed in
an explosive trace detector (ETD), where a typical procedure calls for the residue to be first
thermally desorbed from the surface and then detected by ion mobility spectrometry.4–6 Although
the collection of residue on the swipe has been shown to be a critical step for the detection process,
many of the current commercial swabbing materials show different collection efficiencies and
have been more carefully designed for the desorption event rather than for the residue collection
process.7–9 As such, there currently has been much effort to improve upon the collection of
explosive residues by swipe-based sampling.10–12 To this end, our previous work has detailed the
effect of the structure of these swabbing materials on their ability to remove residue from a surface,
and this allowed for the development of a new swabbing platform based upon the conducting
polymer polypyrrole (PPy).13 However, this is just one design handle by which molecular
engineers can alter the collection performance of traps relative to the current state-of-the-art
materials.
Another means to further increase the collection of residues is to increase the affinity of
the sampling swab to the explosive residue through chemical interactions, and there has been much
work on the impact of interfacial chemistry on the sensing of explosive materials.14,15 In fact,
previous studies have examined the adhesion of explosive particles to different functional groups
using atomic force microscopy (AFM) measurements.16Additionally, polymer sorbent coatings
have been added to surface acoustic wave (SAW) devices to enhance the detection limits of
explosive vapors and further evaluate the interaction between polymer coatings and explosive
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analytes.17,18 Furthermore, the addition of self-assembled monolayers (SAMs) and chemical
receptors to microcantilever and nanosensor devices has been shown to be an efficient method to
enhance explosive detection sensitivity and selectivity.19–23 These studies suggest that the addition
of surface functional groups to a swabbing material could greatly enhance the interaction, and
therefore, improve the collection of explosive residues. To further build upon these initial studies
and in order to translate these results to a practical swabbing substrate, we demonstrate the
chemical tunability of a PPy-based swabbing system and the impact that occurs upon the addition
of surface groups to the base electronically-active polypyrrole thin films.
Importantly, the chemical functionalization of polypyrrole can be achieved readily by
modification of the pyrrole monomer and subsequent polymerization. For example, N-substituted
polypyrrole films containing a variety of functional groups have been synthesized for sensing and
biological applications.24–27 This provides a simple method to tune the surface chemistry of PPybased swabbing materials through the addition of functional groups with increased interactions
with respect to explosive molecules of interest. For the proof-of-concept studies presented here,
the binding to the nitroaromatic explosive molecule, trinitrotoluene (TNT), is studied as a model
system. This is because TNT is widely-used in energetic materials situations and is also
representative of an important general class of explosives for security detection. Moreover, several
polymers and functional groups have been previously investigated for the detection of these
molecules.17,18,28 The main avenues for the chemical detection of TNT involve hydrogen-bonding
or electron transfer interactions.29 For instance, fluorescence quenching with electron rich
conjugated polymers and small molecules has become an important means for the detection of
TNT.30–34 In fact, the fluorescence quenching of modified PPy nanoparticles by TNT in solution
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has been studied previously.35,36 This provides the ability to rationally design PPy films with
surface functional groups to interact with TNT.
In this work, the surface chemistry of polypyrrole films is modified through the
polymerization of a thin layer of a modified pyrrole monomer. The modified films include
polypyrrole-poly(N-methylpyrrole) (MPy), polypyrrole-poly[pyrrole-N-propionic acid] (PAPy),
and polypyrrole-poly[1-(2-Aminophenyl)pyrrole)] (APPy). The influence of the surface chemistry
of these modified films on the interaction with TNT is evaluated through a two-step process: First,
vapor deposition of TNT onto the films is conducted, and then the amount of TNT deposited on
each film is quantified. The PPy functional films then are compared to several commercial-offthe-shelf (COTS) materials, and the PPy films with surface groups with sites for hydrogen bonding
display the highest deposition of TNT. These data demonstrate the facile chemical tunability of
PPy-based swabbing materials and provide insights into the effect of the surface chemistry of a
film on the interaction with explosive molecules of interest for the development of new advanced
materials for detection.

5.3
5.3.1

Experimental Methods
Materials
All materials were purchased from Sigma-Aldrich, and they were used as received unless

otherwise noted. Trinitrotoluene (TNT) was obtained from an access-restricted explosives depot
at Purdue University and also used as received. Commercial explosive detection swabs were kindly
provided by DSA detection.
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5.3.2

Synthesis of PPy Functional Films
Polypyrrole (PPy) films were synthesized via electrochemical polymerization of a pyrrole

monomer in a three electrode electrochemical cell with a tin-doped indium oxide-coated (ITO)
glass slide as the working electrode, Ag/AgCl (saturated KCl) as the reference electrode, and a
platinum mesh as the counter electrode. A potential of +1 V vs. Ag/AgCl (saturated KCl) was
applied for 1.5 h to the cell containing an aqueous solution of 0.1 M pyrrole (Py) and 0.1 M sodium
dodecylbenzene sulfonate (SDBS) using a Princeton Applied Research Potentiostat. After the
polymerization, the film was removed from the ITO substrate and rinsed with water to remove any
excess monomer or surfactant from the film. A thin layer of a N-substituted pyrrole monomer [i.e.,
either N-methylpyrrole, 1H-pyrrole-1-propionic acid, or 1-(2-aminophenyl)pyrrole] was then
electropolymerized onto the PPy base film to modify the surface chemistry of the film. For these
reactions, a beaker was filled with an aqueous solution of 0.03 M N-substituted monomer and 0.1
M NaClO4. A PPy film was immersed halfway into the beaker and served as the working electrode
for the cell. The PPy film was immersed hallway to generate two different surface chemistries (i.e.,
the base film and the modified surface layer) on the same substrate. This allowed for a direct
comparison between the base PPy film and the PPy film after surface modification. A potential of
+1 V was applied for 0.5 h using a Princeton Applied Research Potentiostat with an Ag/AgCl
reference electrode and platinum mesh counter electrode. For 1-(2-aminophenyl)pyrrole) modified
films, a solvent mixture of water and acetonitrile (50% water, by volume) was used in order to
ensure that the monomer was fully dissolved in the electropolymerization solution. These nowfunctionalized films were rinsed in water and dried with a stream of nitrogen to remove any excess
monomer and solvent from the films.
Microstructured PAPy films were synthesized following the above procedure on a
microstructured PPy base film. The microstructured PPy base film was synthesized by a template-
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mediated electropolymerization process as described in our previous work.13 For the formation of
the template electrode, AZ9260 photoresist (Microchemicals) was spun-coat onto an ITO-coated
glass substrate at 500 rpm for 3 s followed by spinning at 3,500 rpm for 40 s. The resist-coated
film was then soft baked on a hot plate at 80 °C for 8 min. The film was exposed to UV radiation
at a dose of 10 mW cm-2 for 90 s using a Karl Suss MJB3 mask aligner and a custom designed
chrome photomask. After exposure, the film was immersed in AZ400K developer at a dilution of
1:5 in water for 300 s to remove the exposed regions of the film. After formation of the
microstructured template, Py was electropolymerized through the pores as previously described.
The PPy micropatterned film was removed from the photoresist template after polymerization by
immersing the film in dimethylsulfoxide (DMSO) at 80 °C.
5.3.3

Collection of Trinitrotolune (TNT)
For the vapor collection of TNT, 0.8 mg of TNT was massed into an unsealed hermitic

aluminum pan (TA Instruments). Then either a PPy film or a commercial swab was placed onto
the pan of TNT and covered with a glass slide. The pans were heated on a hotplate at 100 °C for
10 min in order to evaporate the TNT and deposit it onto the substrate of interest. After the vapor
phase deposition of TNT, the film was placed into a 2 mL solution of acetone for 10 min to dissolve
the collected TNT from the film. Then, 0.1 mL of an aqueous basic solution (0.12 M NaOH and
0.08 mM Na2SO3) was added to the acetone solution to induce the formation of a Meisenheimer
complex. The sample was filtered and the absorbance spectra was measured in a Cary 60
ultraviolet-visible (UV-Vis) light spectrometer over the wavelength range of 200 nm ≤ λ ≤ 800 nm.
The background of the absorbance spectra was corrected for particle scattering by fitting Equation
1 to the absorbance data. In Equation 1, A is the absorbance, λ is the wavelength, and a and b are
fitting parameters determined by least square regression. Figure 5.6 shows an example of the UV-
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Vis light absorbance spectra after the formation of the Meisenheimer complex before and after the
baseline correction.
(5.1)
𝐴 = 𝑎𝜆−𝑏
After applying the baseline correction, the absorbance of the peak at 462 nm was recorded, and
the mass of TNT collected on the sample was determined through a calibration curve.
5.3.4

General Methods
Atomic force microscopy (AFM) images were acquired on a Bruker Multimode 8 AFM

operating in tapping mode and using a RTESPA tip. Contact angle measurements were taken with
deionized water using a Ramé-Hart 500 advanced goniometer. Attenuated total internal
reflectance-Fourier transform infrared (ATR-FTIR) spectra were obtained using a Thermo-Nicolet
Nexus FTIR with a diamond substrate.

5.4

Results and Discussion
The surface chemistry of a PPy film was modified by polymerizing a thin layer of an N-

substituted pyrrole monomer onto an existing PPy film (Figure 5.1). The N-substituted monomers
included a methyl group (MPy), a carboxylic acid group (PAPy), and an amino-phenyl group
(APPy). This approach allowed for the facile modification of the surface chemistry of the PPy
films. The PPy base film provided mechanical stability to the functionalized films as PPy films
electropolymerized with surfactants akin to sodium dodecylbenzene sulfonate (SDBS) have been
shown to have enhanced mechanical properties relative to PPy films electropolymerized with small
ion salts such as sodium nitrate.37,38
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Figure 5.1. Functionalization of PPy films. A thin layer of a modified monomer of pyrrole is
electropolymerized on a polypyrrole film in order to alter the surface chemistry of the film. The
substituted monomers included a methyl group (MPy), a propionic acid group (PAPy), and an
aminophenyl group (APPy) attached to the nitrogen of the pyrrole ring.
ATR-FTIR spectroscopy data of the functionalized films confirmed the modification of the
surface chemistry of the PPy film (Figure 5.7). For an example case of the PAPy films, a strong
peak at 1702 cm-1 is present, which corresponds to the C=O stretching formation of the carboxylic
acid. The broad peak at 3300 cm-1 is representative of the –OH stretching of the carboxylic acid.
In addition to this spectroscopic evidence of the surface modification reaction, the contact angles
of the PPy films were changed with the modification of the surface group. Figure 5.2 shows the
profiles of droplets of water on the base PPy and modified PPy films. The contact angle between
water and the modified PPy films was smaller relative to the parent PPy film, indicating an
increased hydrophilicity of the modified films.

:.::~
................
PAPy

33 ± 8.1° MPy

39 ± 5.1 °

Figure 5.2. A droplet of water on a pristine PPy film and functionalized PPy films. The
functionalized films have a decreased contact angle compared to the base PPy film. The average
contact angle values are reported from 3 different measurements for each film. The error indicates
the standard deviation of the samples from this average.
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The surface functionalization had a minor impact on the roughness of the PPy films, as
seen in Figure 5.8. PPy electropolymerized on an ITO substrate had a root-mean square (rms)
roughness value of 4.8 ± 0.4 nm. PAPy, MPy, and APPy functionalized films had rms values of
24 ± 5 nm, 34 ± 10 nm, and 4.4 ± 0.5 nm, respectively. The increase in roughness for the PAPy
and MPy films is attributed to the growth of the modified film on the parent PPy thin film. The
APPy film shows a decreased roughness compared to the PAPy and MPy films. This is the result
of the slow reaction growth of the APPy film due to a decrease in the electrical conductivity of the
film during the growth process; this decrease in electrical conductivity is associated with the
presence of the bulky amine N-substituted group in the substituted PPy derivative.
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Figure 5.3. (a) UV-Vis light absorption spectra of solutions containing various concentrations of
TNT in acetone with the addition of 0.1 mL of a 0.12 M NaOH and 0.08 mM Na2SO3 aqueous
solution. The characteristic peaks are from the Meisenheimer complex formed from the interaction
of TNT with the base solution. (b) Calibration curve of TNT absorption shows a linear relationship
with concentration.
In order to determine the influence of the different surface chemistries on the interaction
with TNT, a vapor deposition technique was employed to ensure uniform deposition of the TNT
to the PPy-based substrates. After deposition of the TNT vapor on the films, the amount of TNT
on each film was quantified using standard spectroscopic protocols. It is well known that TNT that
is dissolved in solution will form a colored Meisenheimer complex when interacting with a base,
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and this chemistry has been utilized to develop colorimetric detection methods for TNT. 39,40 That
is, when TNT interacts with a basic solution a Meisenheimer complex is formed, which has
characteristic absorption peaks at λ = 462 nm and λ = 540 nm. Figure 5.3a shows the reaction that
generates the Meisenheimer complex as well as the characteristic UV-Vis light absorbance spectra
for varying concentrations of TNT in solution. A calibration curve was created for the
concentration of TNT in solution by measuring the absorbance of the Meisenheimer complex of
TNT solutions in acetone at varying concentrations. As seen from Figure 5.3b, the absorbance
peak at 462 nm varies linearly with the concentration of TNT. The molar absorptivity, ε, of the
complex was calculated to be 2.4 × 104 L mol-1 cm-1, which agrees with previous literature.39 From
these data, the mass of TNT collected on each film was determined.
The summary of the results of the TNT deposition experiments is shown in Figure 5.4. The
PPy films showed the highest mass of TNT deposited from the vapor phase closely followed by
the PAPy and APPy films. This high deposition on the PPy and PAPy films can be attributed to
the potential of hydrogen bonding between the N-H and –COOH groups of the films with the –
NO2 groups of TNT.41 When the polypyrrole surface is modified with N-substituted methyl groups
in the MPy films, this potential hydrogen bonding interaction is removed. As expected, the
deposition of TNT on the MPy films was reduced due to the lack of hydrogen bonding sites for
TNT. Additionally, the electron withdrawing –NO2 groups on the aromatic rings of TNT make
these compounds good electron acceptors. Materials with electron donating groups such as –NH2
are anticipated to have high affinity towards TNT. Furthermore, the potential for π-π interactions
with electron rich phenyl groups is expected, which is consistent with the moderate deposition on
the APPy films. For the commercial swabbing materials, the paper and muslin films showed
intermediate deposition. The primary component of these materials is cellulose, which has surface
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hydroxyl groups that may react with the TNT analyte. However, Teflon, a material with a known
low surface energy, does not provide sites for interaction with TNT leading to an overall low
deposition of the molecule.
The surface area of the films may play an important role in the amount of TNT deposited
on each film. Surface area has been shown to have a pronounced effect on of the adhesion of
interacting materials for contact sampling.42,43 In fact, our previous work has detailed the
effectiveness of a microstructured film to remove spherical particles from rough surfaces. Due to
the challenges in the development of standardized protocols for contact sampling with explosive
materials (e.g., reproducibility in depositing realistic explosive residue on a test plate for sampling)
a vapor deposition process was employed in this study. In order to decouple the effect of the surface
area on the vapor deposition of TNT, the root mean square (rms) roughness of the various films
was measured using atomic force microscopy (AFM). If the surface area of the film was the
controlling factor for the deposition of TNT, one would expect the roughness of the films to follow
the same trend as the collection of TNT. However, this is not the trend observed in Figure 5.4.
While the PPy films showed the highest deposition of TNT, they had the lowest surface roughness.
Additionally the commercial paper and muslin films had the highest surface roughness, yet showed
an intermediate deposition of TNT. It is important to note that the AFM surface roughness does
not take into account the porosity of the films. Films with higher porosity will have increased sites
for TNT deposition. However, it is expected that the muslin cloth and paper films will have a
higher porosity than the PPy films due to the woven structure of these materials. Additionally, PPy
films synthesized with large dopants, such as sodium dodecylbenzene sulfonate, have been shown
to have a more compact structure with decreased porosity as compared to films synthesized with
small inorganic salts.44 While the muslin and paper films are expected to have a greater surface
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area for the deposition of TNT, these films show do not show the highest deposition values. This
further confirms that the increase in TNT deposition cannot simply be attributed to an increase in
surface roughness, but it is also an effect of the chemistry of the film. While the effect of surface
roughness cannot be completely decoupled in this example, the role of the surface chemistry of
the film is shown to be an important factor in the TNT deposition for each film.
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Figure 5.4. Comparison of the amount of TNT deposited on different functionalized PPy films
and commercial swabbing materials and the corresponding rms roughness values of the films.
Films with surface groups that interact with TNT through hydrogen bonding show the highest TNT
collection. The average value of five films is reported for each sample with the error representing
the standard deviation. The rms roughness values of the films were determined from AFM imaging.
Three representative images were taken of each film and the average and standard deviations of
the rms roughness is reported. The film roughness does not follow the same trend as the collection
of TNT. This confirms that the increase in TNT collection cannot be attributed to simply an
increase in surface area of the film but is also an effect of the surface chemistry.
In order to further examine the effects of surface area on the deposition of TNT vapor a
second study on the deposition of TNT on PAPy films of varying surface roughness was performed.
PAPy films were grown electrochemically as previously described on PPy base films of varying
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roughness. As the PAPy film was grown as a thin layer on a PPy base film, the roughness of the
PPy film was imparted to the final PAPy film. The ‘smooth’ and ‘rough’ PAPy films were grown
from the opposite sides of a PPy film electrochemically grown on an ITO electrode. When PPy
was electrochemically grown and then peeled from an ITO electrode there was a difference in
surface roughness between the two sides of the film. The side of the film that was in contact with
the ITO electrode during synthesis was smoother than the side that was in contact with the solution.
This is because the PPy in contact with the electrode takes on the roughness of the electrode surface.
The ‘smooth’ PAPy and the ‘rough’ PAPy films had rms roughness values of 18 ± 2 nm and 57 ±
7 nm, respectively (Figure 5.9). To further increase the surface area of the substrate of interest, a
PAPy microstructured film was synthesized by growing a thin layer of PAPy on a PPy
microstructured film. The rms roughness of the PAPy microstructured film is 1,272 ± 300 nm.
While there is an order of magnitude difference in the surface area of the varying PAPy films there
was no significant difference in the deposition of TNT, as seen in Figure 5.5. This suggests that
surface area did not play a controlling role in the amount of TNT deposited from the vapor phase
in these studies. While surface area has been shown to have a significant effect on the adhesion of
interacting materials for contact sampling,42 the effect of the chemistry of the film was the
dominant interaction in the vapor deposition experiments reported here. Further work on the
collection of explosive materials from the solid phase is required to assess these materials for
contact sampling application; however, these results provide important insight into the surface
functional groups of interest for the detection of TNT and other nitroaromatic explosive molecules.
In practical application, it is anticipated that both surface structure and chemistry of sampling
swabs will be important properties that can be further tuned for the enhancement of the collection
of trace explosive residues. Thus, these results demonstrate a tangible means by which to
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systematically tune and subsequently optimize the surface chemistry portion of this critical
application equation.
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Figure 5.5. (a-c) Optical microscope images of PAPy films of different surface roughness; the
scale bar represents 125 μm in all images. (a) The ‘PAPy smooth’ and (b) ‘PAPy rough’ films
were deposited on a PPy film electropolymerized on an ITO electrode. (c) The ‘PAPy micro’ was
polymerized on a microstructured film of PPy that was electropolymerized through a photoresist
micro-pore template. (d) A comparison of the average collection of TNT by PAPy films with
different surface roughness. There was no statistical difference in the collection of TNT between
the different films, suggesting that surface area did not play a significant effect on TNT collection
for the PAPy films. Five samples were tested for each different film and the error represents the
standard deviation across the samples.
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5.5 Conclusions
The synthesis of PPy films with varying surface chemistries was demonstrated by
electropolymerizing a thin layer of an N-substituted pyrrole monomer on a PPy base film. The
interaction of the different functionalized PPy films with a representative explosive analyte, TNT,
was determined through the deposition of TNT from the vapor phase and benchmarked against
current state-of-the-art commercial swabbing materials. The surface chemistry of the swabbing
materials played an important role in the collection of TNT vapor on the surface. PPy and PAPy
films showed the highest collection of TNT, which was attributed to potential hydrogen bonding
interactions. Teflon-coated commercial films displayed the lowest collection of TNT due to the
low affinity of the film for the TNT molecule. The apparent surface area of the films did not play
a significant role in the collection of the TNT on the surface of the films suggesting that the surface
chemistry of the films played the controlling role in the amount of TNT collected in these studies.
These results provide important insights on the interaction of the surface functional groups of
sampling swabs to an explosive analyte, which lays the groundwork to develop structure-property
relationships for the design of new advanced materials with enhanced affinity to explosive
molecules and for the potential translation of optimized materials to the field for enhanced
screening at security checkpoints.
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Figure 5.7. ATR-FTIR spectra of PPy functionalized films. New peaks are present on the
functionalized films compared to the PPy base film confirming the surface modification.
Characteristic peaks at 1702 cm-1 and 3300 cm-1 are representative of the carboxylic acid
functionality of the PAPy films. A sharp peak around 1500 cm-1 appears in the APPy films which
can be attributed to the addition of the aromatic ring.
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Figure 5.8. AFM topographical images of: (a) the PPy parent film and the (b) PAPy, (c) APPy,
and (d) MPy films after surface modification. The scale bar represents 2.5 μm.

Smooth PPA

150 nm

0

Rough PPA

500

0

nm

Microstructured PPA

5

µm

0
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6. DESORPTION OF TRINITROTOLUENE (TNT) FROM SAMPLING
SWABS WITH TEMPERATURE AND ELECTRICAL BIAS

6.1

Introduction
The previous chapters have focused on the enhanced collection of explosive residue from

surfaces by rationally controlling the structure and chemistry of a sampling swab. However, before
the collected residue can be detected in an ion mobility spectrometer (IMS), the residue must be
first released from the swab. Therefore, it is important to study the desorption of analytes from
commercial and new sampling materials. The release of residue from a sampling surface is
typically performed by thermal desorption within an IMS.1,2 The thermal desorption of an analyte
is dependent on the properties of the sampling swab (i.e., the thickness, thermal conductivity, and
surface chemistry). For example, muslin cloth-based sampling swabs have lower thermal
desorption rates of trinitrotoluene (TNT) than Teflon-coated fiberglass swabs due to the presence
of surface hydroxyl groups that can interact with TNT molecules.3 While Teflon-coated swabbing
materials show improved desorption characteristics in an IMS, they have been shown to give poor
collection efficiency.4 Designing materials that are optimized for both the collection and release
of residue has been a challenge for the field. Additionally, the ulta-low volatility of inorganic
explosives makes the thermal desorption of these materials a challenge as the vapor pressure of
these materials remain very low at the maximum temperature operation of IMS devices (280 °C).5,6
As such, there is interest to develop new desorption strategies for explosive analytes for enhanced
detection.
The polypyrrole (PPy) based sampling swabs presented are electronically-active, providing
a never-before-utilized avenue for trace explosive residue release based upon the application of an
electric field. The use of electrostatic forces to manipulate particles has been studied for the
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collection of particles for surface cleaning applications7 as well as the electrostatic transport of
particles for microelectromechanical systems (MEMS).8 Additionally, the application of an
electric field has been used to remove organic aerosol contaminants from surfaces.9 In the presence
of an electric field a charged particle experiences a net electrostatic force, Fe. When the
electrostatic force on the particle is greater than the force of adhesion on the surface, Fa, and the
gravitational force, mg, the particle will be released from the surface.
(6.1)
𝐹𝑒 > 𝐹𝑎 + 𝑚𝑔
In this chapter, the thermal desorption of TNT from the surface of PPy and commercial
sampling swabs are compared using solid-phase microextraction-gas chromatography mass
spectrometry (SPME-GCMS). Additionally, initial experiments on the release of TNT with an
applied electric field are examined.

6.2
6.2.1

Experimental Methods
Materials
All materials were purchased from Sigma-Aldrich and used as received unless otherwise

noted. Trinitrotoluene (TNT) was purchased from Accustandard as a 1000 μg ml-1 standard
solution in methanol and acetonitrile (1:1). Commercial-off-the-shelf (COTS) contact sampling
swabs were supplied by DSA detection.
A custom-fabricated sampling chamber was designed in order to allow for the sampling of
the headspace vapor above a film. Figure 6.1 (a) shows a diagram of the sampling chamber. Two
aluminum plates were machined to create the chamber for sampling. The bottom plate was covered
with Kapton tape to electrically isolate the plate from the film being tested. A small hole and
circular cap was machined into the top plate to fit a rubber septum to allow for needle entry. The

78
plates were screwed together with a Danco 1-1/4 x 1-1/8 x 1/16 o-ring spacer to define the
headspace vapor chamber area during sampling.
6.2.2

Preparation of Films for Desorption Testing
PPy films were synthesized in a three electrode electrochemical cell with a tin-doped

indium oxide-coated (ITO-coated) glass substrate (Delta Technologies) working electrode, a
platinum mesh counter electrode, and an Ag/AgCl (saturated KCl) reference electrode. The cell
was filled with a solution of 0.1 M pyrrole (Py) and 0.1 M sodium dodecylbenzne sulfonate, and
a constant potential of +1 V vs Ag/AgCl was applied using a Princeton Applied Research
Potentiostat. After polymerization the PPy films were peeled from the ITO electrodes and rinsed
with water. The PPy films were then heated under vacuum in a vacuum oven at 180 °C for 30 m
to pretreat the films for GCMS testing. After heating under vacuum, the PPy films were rinsed
with acetone to dissolve the chemicals released from the film during heating. The COTS films
were supplied by DSA detection, and no pretreatment was performed on these films.
To cast TNT on the films, 5 μL of TNT dissolved in methanol and acetonitrile was pipetted
onto a film in 2.5 μL drops. The TNT spiked film was then placed in the center of the bottom plate
of the custom sampling chamber. Kapton tape was used to secure the film to the bottom of the
chamber and to prevent any portion of the film from touching the top plate when the sample
chamber was assembled. A thermocouple was placed on the film and secured with Kapton tape.
Thermal paste was used to ensure thermal contact with the film. Copper tape was attached to the
film to provide a contact for electrical connection. The sampling chamber was assembled by
screwing together the bottom and top aluminum plates with an o-ring spacer in between the plates.
An example film of PPy assembled in the sampling chamber is shown in Figure 6.5.
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6.2.3

TNT Desorption Experiments
The amount of TNT desorbed from the films was characterized using SPME-GCMS. The

assembled sampling chamber was placed on a hot plate to control the temperature. The temperature
of the film was monitored during sampling by a thermocouple connected to PicoLog software.
During sampling, the SPME enclosed fiber was inserted into the septum of the sampling chamber
at a gauge setting of 1.2 on the fiber holder. The fiber was then exposed to the headspace of the
sampling chamber for 10 m. Then, the enclosed fiber was manually inserted into the GCMS inlet
at a gauge setting of 3 on the fiber holder. For electrical experiments, copper tape was attached to
the top aluminum plate of the sampling chamber and the film. A constant voltage was applied
between the top aluminum plate and the film with a Keithley 2400 source meter. The electrical
connection was made in order to apply a positive charge to the film. An overview of the sampling
set-up is depicted in Figure 6.6.
6.2.4

Instrument Operating Conditions
A Shimadzu QP-2010 GCMS system with a 20 m × 0.18 mm, 0.18 μm DB-5MS column

was used for all analysis. The GC injection port was equipped with a SPME narrow bore 0.75 mm
injection liner (Supleco). The injection temperature was set at 250 °C for all analyses. Helium was
used as a carrier gas at a column flow rate of 0.72 ml min-1. The MS was operated in electron
ionization (EI) mode at an ion source temperature of 250 °C and data was acquired from 40 – 500
Daltons

at

a

rate

of

0.1

scan

s-1.

The

SPME

experiments

used

a

65

μm

polydimethylsiloxane/divinylbenzene (PDMS/DVB) manual SPME fiber and fiber holder
(Supleco). Before first-time use of a fiber, the fiber was preconditioned in the GCMS injection
port for 30 m at 250 °C. For fiber preconditioning the GCMS was operated in split mode with a
temperature program of 50 °C, hold 30 m, ramp 50 °C min-1 to 325 °C, hold 3 min with an MS
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solvent cut time of 30 min. After preconditioning the fiber was used for ~100 injections. A blank
SPME fiber was tested in the GCMS at the start of each experiment to ensure the fiber operation
and clean the GC column from any previous users. For the blank fiber the GCMS was operated in
splitless mode with a temperature program of 50 °C, hold 2.5 min, ramp 50 °C min -1 to 325 °C,
hold 3 min with an MS solvent cut time of 1 min. For TNT analysis the GCMS was operated in
splitless mode with a temperature program of 50 °C, hold 2 min, ramp 25 °C min-1 to 325 °C, hold
3 min with an MS solvent cut time of 3 m.

6.3

Results and Discussion
A custom sampling chamber was designed in order to provide a method to test the

concentration of TNT in the vapor phase with different conditions (i.e., with either (or both) a
temperature or electrical bias). Figure 6.1 (a) shows a schematic of the custom chamber. The
amount of TNT in the headspace of the sampling chamber was quantified through solid-phase
microextraction-gas chromatography mass spectrometry (SPME-GCMS). SPME is a common preconcentration technique for analyzing headspace vapor and has been used for explosive
analytes.10–13 Coupled with GCMS, SPME provides an efficient technique to track the change in
concentration of TNT in the vapor phase with various conditions. Figure 6.1 (b) shows the
representative GCMS spectra of TNT obtained from the custom sampling chamber at 40 °C on a
PPy film. The TNT eluted through the GC column at a retention time of approximately 8.82 m,
and the characteristic mass spectrum is representative of the TNT molecule.
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Figure 6.1. (a) Schematic of the custom sampling chamber for the headspace sampling of the films.
(b) Representative GC-MS spectrum of TNT at 40 °C. Inset: Total ion chromatogram (TIC) of
TNT from GC-MS.

6.3.1

Influence of Temperature on TNT Desorption
The release of TNT into the vapor phase was first studied as an effect of the temperature

of the swab. As thermal desorption is a common method for the release of explosive analytes
collected from a sampling swab, it is important to determine the desorption characterization of
TNT on different sampling swabs. Figure 6.2 shows the normalized TNT peak area from the
GCMS spectra with increasing temperature for PPy and representative COTS films composed of
Teflon and paper. As expected, the TNT peak area increased with increasing temperature. As the
temperature of the film was increased there were more TNT molecules present in the vapor phase.
The amount of TNT released was compared for the different films. The Teflon commercial swab
had the highest release of TNT with temperature followed by the PPy film and then the paper
commercial swab. This difference in TNT desorption can be attributed to differences in the
chemistry and structure of the representative films. Teflon is a known low surface energy material
and is not expected to chemically interact with the TNT molecules. However, PPy and paper-based
films have –NH and –OH surface groups, which may provide sites for hydrogen bonding with the
–NO2 groups of TNT. Additionally, the three films have different structures, as seen in the SEM
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images of the films in Figure 6.5. The paper film with the lowest release of TNT with temperature
has a non-uniform fibrous structure. This high porosity and high surface area material may allow
for the TNT to become trapped within the fibers of the film leading to lower desorption rates. This
effect may have been pronounced by the casting of the TNT onto the substrates from solution. The
TNT solution completely wet the paper film during casting causing some of the solution to pass
through the film. As such, there may have been a reduced amount of TNT present on the surface
of the paper films for testing. In contrast, the TNT solution did not wet the Teflon or PPy films
leading to the accumulation of TNT particles on the surface of these films.
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Figure 6.2. The amount of TNT desorbed from the various films with increasing temperature. The
TNT peak area obtained from the GCMS spectra was normalized to the TNT peak area at 25 °C
for each film. The Teflon COTS swab had the highest overall TNT peak area and the paper COTS
swab had the lowest. Each measurement is the average of two experiments and the error bars
represent the standard deviation.

6.3.2

Influence of Electric Field on TNT Desorption
While thermal desorption is most common method to release collected analytes from a

sampling swab there is great interest to the community to develop new desorption techniques.

83
Because the PPy film is electronically active, this allows for the opportunity to study the desorption
of explosive analytes in the influence of an electric field. For the following experiments, an
electrical bias was applied between the film and top plate of the sampling chamber. As a result of
this applied voltage, an electric field is generated between the PPy film and the top plate of the
sampling chamber. A schematic of the electrical biasing experiments is shown in Figure 6.3 (a).
Because charge cannot flow between the commercial films, an electric field should not be
generated for the paper or Teflon film. A constant voltage of 0, 50, 75, 100, and 125 V was applied
between the films and the aluminum plate during sampling. The magnitude of the electric field
was determined from the applied voltage and the distance between the film and the top plate of the
chamber which was held constant at 0.076 cm. Figure 6.3 (b) shows the normalized TNT peak
area from the GCMS spectra with increasing electric field for the PPy film and the paper
commercial film. There was an increase in TNT peak area with increasing electric field for the
PPy film. The TNT peak area increased by a factor of ~3 at the highest electric field. However,
there was no increase in the TNT peak area for the commercial film tested. There was a slight
decrease in the TNT peak area with increasing electric field strength. However, this decrease is
attributed to the decrease in TNT vapor in the chamber with sampling and was present without an
applied electric bias.
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Figure 6.3. (a) Schematic depicting the electrical connection for the electrical biasing experiments.
A constant voltage is applied between the film and the top aluminum plate of the sampling chamber.
Because the PPy film is electronically active an electric field is generated between the film and the
plate. (b) Normalized TNT peak area for the PPy and paper commercial film with increasing
electric field. Each data set is the average of two experiments and the error represents the standard
error.
While, the TNT peak area increased slightly with increasing electric field for the PPy film,
additional work is required to determine the mechanism of this effect. For example, the
temperature of the film was not controlled during these initial experiments. As such there was a
slight increase in the temperature of the PPy film with increasing applied voltage due to Joule
heating. Figure 6.4(a) shows the temperature of the PPy and commercial paper films during
sampling with increasing electric field. The temperature of the PPy film increased by ~ 3 °C during
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sampling, while the temperature of the commercial film remained constant. Therefore, it is
important to determine if the slight increase in TNT peak area with increasing electric field is an
effect of the increasing temperature of the film or an effect of the applied field. Figure 6.4(b)
compares the normalized TNT peak area with temperature for a PPy film with and without an
applied bias. The normalized TNT peak area without an applied bias was comparable to
normalized TNT peak area with an applied bias. This suggests that the increase in peak area with
increasing electric field can be attributed to the increase in temperature of the film.
b
28.0

3.S-

•
•

27 .5

-u

27.0

PPy

•

•

COTS (paper)

3.0

0

~;

•

....

~

rt

Q)

CO N 2.0

=
Cl. ro

::J

Q)

26.0

Q)

a.
E 25.5

•

~

••

t- §
Z 0 1.5

•

•

I-

1.0

•

25.0

z

+

f

rot::: 2.5
Q) 0

--Q) 26 . 5

ro....

•

PPy applied bias
PPy no applied bias

•

• •

0.5

24.5
24.0
0

500

1000

1500
1

Electric Field (V cm- )

2000

0
23

24

25

26

27

28

Temperature (°C)

Figure 6.4. (a) The temperature of the films during sampling with an applied bias. The temperature
of the PPy film increases with applied electric field due to Joule heating. (b) The normalized TNT
peak area with temperature for a PPy film with and without an applied bias. The TNT peak area
without an applied bias follows the same trend as the TNT peak area with an applied bias. This
suggests that the increase in peak area with increasing electric field is an effect of the increasing
temperature of the film.
Further experiments where the temperature of the film is controlled during sampling are
necessary to determine the effect of an electric field on the desorption of analytes from the PPy
film. It is proposed that higher fields are required in order to release the particles from the surface.
For the particles to move through the electric field the electrostatic force must be greater than
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gravity and the force of adhesion on the surface. By estimating the electrostatic and adhesion forces
of a particle, Cooper et al. determined an approximate relationship of the electric field strength
required to remove particles of various diameter.7,14 For submicron particles, the adhesion forces
are expected to dominate the system and electrostatic forces of 1 MV cm-1 or greater are anticipated
to be required for removal. However, electric fields of ~100 kV cm-1 should be sufficient to remove
a 10 μm particle. This high field strength is further confirmed by Novick et al. who developed an
empirical relationship to determine the minimum applied field strength required to remove
particles greater than 10 μm from conductive surfaces.15 Therefore, it is anticipated that the electric
field applied in the above experiments was too low to overcome the force of adhesion and gravity
in the system. An increase of the applied electric field by over an order of magnitude may be
required in order to electrostatically remove TNT particles from the PPy surface. Additionally, the
TNT casting method may need to be modified to aid in the removal of the TNT particles from the
surface. Particles cast from solution may be adhered more strongly to the surface due to increased
capillary forces from adsorbed solvent on the surface. Figure 6.8 shows an SEM image of TNT
cast from a methanol/acetonitrile solution onto a PPy film. As seen in this image, there are a variety
of different TNT structures formed on the surface. A dry transfer technique may provide a more
representative sampling of TNT particles on the surface. Finally, other explosive analytes,
including particles with a net surface charge may provide more efficient release with electric field.

6.4

Conclusions
The desorption of TNT from various sampling swabs was evaluated as a function of

temperature and applied bias using a novel sampling chamber and SPME-GCMS. The PPy film
and commercial materials (Teflon and paper films) showed different release characteristics of TNT
with increasing temperature. The Teflon film showed the highest response of TNT with increasing
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temperature of the film followed by the PPy film and the paper film. This difference in thermal
desorption of TNT from the surface was attributed to the difference in chemistry and structure of
the sampling materials. Additionally, initial experiments on the effect of an applied bias on the
release of TNT were studied. However, it was determined that larger electric fields were required
to remove the TNT from the surface of the PPy film.
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6.6

Supporting Information

a

Figure 6.5. (a) PPy film attached to the bottom plate of the sample chamber for testing. A
thermocouple is attached to the film with thermal paste to monitor the temperature and copper tape
is used for electrical connection to the film. (b) The assembled sample chamber for testing. The
aluminum plates are screwed together and sealed with an o-ring spacer. The SPME fiber is inserted
into the rubber septum in the top of the sample chamber during sampling.
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Figure 6.6. Experimental set up for TNT desorption sampling. The SPME fiber is inserted into the
rubber septum of the sampling chamber and exposed to the headspace vapor of the chamber for 10
m. The temperature of the film is controlled by a hotplate and monitored using a thermocouple.
When applicable an electrical voltage is applied between the top aluminum plate and the film by
a Keithley 2400 source meter.
a

Figure 6.7. SEM images of (a) Teflon COTS film, (b) PPy film, and (c) paper COTS film.
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Figure 6.8. SEM image of TNT cast from an acetonitrile/methanol solution on a PPy film.
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7. STRENTGHS, WEAKNESSES, OPPORTUNITIES, AND THREATS OF
A POLYPYRROLE (PPY) BASED SWABBING SYSTEM

7.1

Strengths and Weakness of PPy Based Swabbing System
In this thesis, a new swabbing platform based upon the conducting polymer polypyrrole

(PPy) has been proposed for enhanced contact sampling. The advantages of this system relative to
current commercial swabbing materials has been presented in the previous chapters. For example,
this novel system provides the ability to easily pattern micro-structured films with increased
contact with surfaces, and the surface chemistry of the polymer can be modified for enhanced
interaction with explosive analytes of interest. Additionally, the conductive nature of the PPy films
offers the opportunity for increased residue release with an applied electric field. While there are
numerous advantages to this PPy swabbing platform over current commercial films, additional
research is required for the development of the technology. The following section will detail some
of the challenges associated with the future development of PPy swabs, including the thermal and
mechanical stability of the films and the ease of large-scale fabrication.
7.1.1

Thermal and Mechanical Stability of Films
As discussed in previous chapters, the thermal stability of a swabbing material is important

for ion-mobility spectrometry (IMS) operation as thermal desorption is a common method to
introduce collected residue to the detection instrument.1 As such, a swabbing material must be able
to withstand the thermal operation of an IMS to prevent breakdown of the material and unwanted
background signals. The thermal stability of the dodecyl benzene sulfonate doped polypyrrole
(PPy-DBS) material proposed here was originally tested through thermogravimetric analysis
(TGA) and shown to be thermally stable above 250 °C as seen in Figure 7.1 (a). However, when
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these materials were introduced into an IMS system at a nominal chamber temperature of 250 °C
for testing significant background signal and apparent degradation of the material was observed.
Therefore, the thermal stability of the PPy films was further probed by solid-phase microextraction
gas chromatography-mass spectrometry (SPME-GCMS). A film of PPy-DBS was sealed in a glass
vial and heated on a hotplate to 100 °C. Then the headspace vapor of the vial was sampled for 10
m with a SPME fiber prior to GCMS analysis. As seen in Figure 7.2 (b) there are significant peaks
present in the GCMS spectra of the headspace above the PPy-DBS film at 100 °C. The peaks in
the spectra are representative of alkyl benzene groups of varying chain length, which can be
attributed to the alkyl benzene group of the surfactant dopant in the PPy-DBS films. These results
suggest a release and breakdown of the surfactant from the film at increasing temperatures. While
there is not a significant mass loss observed from the PPy-DBS film up to 250 °C in the TGA
analysis, there are trace amounts of material released from the film that may cause interference in
an IMS. As such pretreatment of the PPy films is required to prepare the films for thermal
desorption IMS operation. For example, by preheating the PPy-DBS films in a vacuum oven at
180 °C for 30 m the peaks in the GCMS spectra are eliminated as seen in Figure 7.2 (b).

93

100
90
80
70
..~ 60

--"-5,

50

s

40

"cB

30
20
10
0
0

200

400
600
Temperature (°C)

800

1000

b
700000

PPy-DBS
Pretreated PPy-DBS

600000
~ 500000
C
(tl

"'Cl

C

:,
.0

400000

<(

I

300000
200000
100000
o ~~~~~~~~~~~~~~~~~~~~

8.50

8.55

8.60

8.65

8.70
8.75
8.80
Retention Time (min)

8.85

8.90

8.95

9.00

Figure 7.1. (a) TGA trace of PPy-DBS powder shows thermal stability up to 250 ºC. The
temperature was ramped from 25 °C to 1000 °C in air at a rate of 10 °C min-1. (b) SPME-GCMS
headspace sampling of PPy-DBS films at 100 °C. The untreated PPy-DBS film shows significant
peaks attributed to the loss of surfactant from the film. These peaks are eliminated when PPy-DBS
films are pretreated in a vacuum oven at 180 °C
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As the surfactant plays in important role in the mechanical properties of the PPy films, it
is essential that the pretreatment of the PPy-DBS films does not adversely affect the mechanical
stability of the films. While the PPy-DBS films remain mechanically stable after vacuum heating
at 180 °C, a systematic study on the mechanical properties is desired. The mechanical properties
of the PPy-DBS films were initially evaluated through dynamic mechanical analysis (DMA) in
tensile mode. Figure 7.2 shows the stress-strain curves of a PPy-DBS film as compared to several
commercial-off-the-shelf (COTS) films. The PPy-DBS film shows comparable tensile strength to
the commercial materials. Additionally, two of the commercial films failed catastrophically during
the test, while the PPy-DBS film remained intact. While this provides important information on
the mechanical properties of the PPy-DBS films, additional work is required to fully characterize
the mechanical stability of this system. For example, in the tensile testing performed here the force
is only applied in one direction. However, bending and transverse forces may also be present in
the application of these materials. Additionally, the mechanical stability of the microstructured
pillars is critical for enhanced film performance. While the microstructured pillars have been
shown to withstand large normal applied loads,2 it is important that these microstructures can
withstand the shear stress applied when swabbing across a surface.
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Figure 7.2. Stress-strain curves of PPy-DBS and COTS films. The force was ramped at a rate of
0.5 N min-1 to 5 N in air. The COTS C and COTS B films yielded during the test.
The mechanical properties of the PPy films can be further enhanced by copolymerization
or synthesis of PPy composite films. PPy electropolymerized with a polymer support such as
polyvinyl alcohol (PVA) have been shown to display enhanced mechanical properties.3
Additionally, PPy has been synthesized on cellulose nanofibers to fabricate electrically conductive,
flexible paper films.4–6 Polymerizing PPy on a textile support will produce materials comparable
in mechanical properties to current paper and cloth material swabs coupled with the enhanced
properties of the PPy film (i.e., conductivity, surface chemistry, etc.). Finally, additional dopant
chemistries should be examined to further enhance the mechanical and thermal stability of the PPy
films as the dopant chemistry greatly influences the structure and properties of the final film. 7,8
Synthesis of PPy films with dopants of higher molecular weights and lower volatilities will prevent
the release of the dopant during thermal desorption. Additionally, the dopant can be covalently
attached to the PPy film to increase the thermal and mechanical stability.
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7.1.2

Fabrication Scalability
Another challenge for the development of the PPy swabbing technology is the fabrication

strategy. For PPy swabs to be competitive with current commercial technology, a low cost largescale fabrication is required. The scale-up of the synthesis of the microstructured PPy films was
initially demonstrated in partnership with the electroplating company, Industrial Plating, Inc.,
located in Lafayette, IN. In this processes the electropolymerization bath was increased from a 300
mL cell to a 50 gallon drum as pictured in Figure 7.3. The plating solution was made of a solution
of 0.1 M Py and 0.1 M NaDBS in water, and titanium mesh was used as the counter electrode. The
increased size of the polymerization bath allowed for the fabrication of multiple films during one
fabrication run greatly enhancing the speed of production. In this initial demonstration of the large
scale fabrication a copper sheet was used as a panel to make electrical connection with the
electropolymerization substrates. This panel was suspended on a metal bar by two hooks and
immersed in the plating solution. Power was supplied at a constant current of 1.5 A for 5 hours to
grow the polypyrrole film.
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b

Figure 7.3. (a) Side and (b) top view of the large scale electrochemical set up in collaboration with
Industrial Plating, Inc. Power was supplied at a constant current to a copper panel which was
suspended on a metal bar to make electrical connection to the templated substrates. Titanium mesh
was used as counter electrodes.
Initially, tin-doped indium oxide-coated (ITO-coated) glass substrates with photoresist
templates, as described in Chapter 4 of this thesis, were used as the electropolymerization
substrates to demonstrate the scaled-up synthesis process of the microstructured films. Copper tape
was used to make an electrical connection from the ITO coated glass to the copper sheet electrode.
Twelve ITO-coated templates were attached to each side of the copper panel. In order to prevent
unwanted polymer deposition and oxidation of the copper, all exposed copper on the sheet was
covered with Kapton tape as seen in Figure 7.4 (a). After the deposition, the PPy swabs were
removed from the copper panel and the photoresist template was dissolved in DMSO to form a
free standing film, Figure 7.4 (b). While the electropolymerization of PPy translated well to large
scale production, the fabrication of the lithographic template was the rate-limiting step of the
process and new template strategies were explored for increased production.
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Figure 7.4. (a) Copper panel with ITO photolithographic templates attached with copper tape. All
exposed copper was covered in Kapton tape to avoid unwanted polymer deposition. (b) Black PPy
film deposited on the template and free-standing film after removal in DMSO. The free-standing
film has an ordered micropattern from the template as seen in the optical micrograph.
In order to increase the production rate of the PPy microstructured swabs a new commercial
template was introduced. Commercial Whatman polycarbonate track-etched membranes were
purchased from Sigma Aldrich (WHA111114) with a pore size of 8 μm. These membranes have a
random array of micron-sized holes as compared to the ordered microstructure of the
photolithographic templates. An 8-10 nm layer of Ti followed by a 100 nm layer of gold was
thermally evaporated on one side of the Whatman filters in order to provide electrical connection
for the polymerization. Again copper tape was used in order to provide electrical connection from
the gold coated membranes to a copper sheet. Kapton tape was pressed and sealed onto the gold
side of the coated membrane in order to prevent polymer deposition on the back side of the
membrane. Four rows of seven membranes were attached to each side of the copper panel as seen
in Figure 7.5. All the exposed copper was covered in Kapton tape in order to prevent any unwanted
polymer deposition on the copper. After polymerization the PPy films adhered to the tape coated
membranes were removed from the copper sheet and immersed in chloroform for 2 m. After
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immersion in chloroform the tape was peeled from the PPy film in order to release the film from
the template. The edges of the PPy film were then trimmed to remove the excess PPy to form a
circular swab. The PPy film was immersed in water to remove any excess chloroform from the
film. Then, the film was wrapped in a Kimwipe and pressed under a beaker of water while drying
to flatten the completed swab. Figure 7.5 shows the completed PPy swabs before and after removal
from the commercial template. Using this procedure a maximum of 56 swabs were made on each
copper panel.
panel electrode with
gold-coated Whatman templates

PPy films polymerized on
Whatman templates

PPy swabs removed
from copper panel

Figure 7.5. Template strategy for scaled up synthesis of PPy microstructured films. Commercial
Whatman filters are coated with gold and attached to a copper panel with copper and Kapton tape.
After polymerization the PPy film is removed from the gold coated membrane by rinsing in
chloroform.
This initial work demonstrated the ability to scale up the production of the PPy
microstructured films. By increasing the polymerization bath, up to 56 films were fabricated in
one run as compared to 1 film in the lab scale synthesis. The extension of this work to larger batch
sizes can be readily realized. However, the development of custom template electrodes is required
to increase production efficiency and decrease costs. Ultimately the development of a reusable
microstructured template is desired which can be achieved with a commercial partner.
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7.2

Opportunities for Further Research
Additional applications and opportunities exist for the development of PPy and other

conducting polymer based explosive sensors. The following sections will detail two examples of
future research areas to be explored.
7.2.1

Collection and Release of Residue with Electrostatic Forces
The electrical conductivity of the PPy films can be further utilized for the enhanced

collection of explosive residues from surfaces. By applying a net surface charge to the PPy swab
during the collection process, electrostatic forces can be controlled to collect charged particles
from surfaces. As electrostatic forces are traditionally higher in magnitude and longer-ranged than
van der Waals forces this will allow for the enhanced collection of particulate residue from a
surface. Additionally if the particles adhere to the swab due to electrostatic forces, discharging of
the PPy swab will allow for enhanced release of the particles for further detection in an IMS.
7.2.2

New Detection Strategies: Optical and Fluorescent Sensors
While all of the previous work has centered on the IMS detection of explosive analytes,

the development of new, low-cost sensor technologies is desirable for future detection. Recently
colorimetric and fluorescent paper sensors have been developed for the detection of explosive
analytes such as trinitrotoluene (TNT).9,10 Conjugated polymers such as PPy are advantageous for
fluorescent based sensors due to their unique structure and properties. The conjugation present in
the polymer backbone of these materials allows for signal amplification leading to high sensitivity
devices.11,12 Additionally, several chemistries have been developed for the detection of explosive
analytes.13,14 Functionalized PPy nanoparticles display fluorescent quenching with TNT15,16 and
could be incorporated into a film for an optical sensing device. The development of new optical
sensing technologies will allow for low cost, efficient portable detection systems.

101

7.3

Conclusions
PPy microstructured films provide a versatile framework for a particle removal swab for

enhanced trace explosive detection through contact sampling. By careful control of the surface
chemistry and structure of the film, materials with improved collection of explosive residue are
developed. While cost will be a limiting factor for the future development of this technology, an
initial large-scale fabrication process has been presented. Additionally, conjugated polymer films
provide the capabilities of new detection technologies. In summary, this research provides the
foundation to progress the development of new advanced materials for the enhanced detection of
explosive threats.
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